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Abstract
Devices made from semiconductor materials are popular due to their compact
spatial arrangement, trustworthiness, and cheap cost. Amorphous silicon (a-Si)
is one of tetrahedral amorphous semiconductor materials with direct bandgaps
and is widely acknowledged as a premier low-cost material for many different
photonics applications. Femtosecond laser is a ultrafast laser that emits an optical
pulse with duration below one picosecond. The dramatic characteristics consisting
of the ultrashort pulsewidth and the ultrahigh peak intensity make femtosecond
laser technology a promising approach to manufacturable material processing with
speedy development.
Currently, the photonic applications based on a-Si thin films are becoming in-
creasingly attractive. However, the fabrication process in industry is still working
with the nanosecond laser. The interaction process between the ultrashort laser
pulse and the a-Si has not been well studied and demonstrated. It is important to
have an essential understanding of the femtosecond laser-material interaction for
development of the laser fabrication process and the investigation of the photonic
iii
applications.
This work focuses on the investigation of the femtosecond laser/a-Si interaction.
The theoretical study of the interaction is demonstrated first. Then, in the laser
scribing process of a-Si thin films, narrow and clean grooves are achieved exper-
imentally by employing the femtosecond laser. Finally, the binary holographic
images are captured by illuminating the hologram patterns on the a-Si thin films
fabricated by direct femtosecond laser writing.
In future, it is crucial to employ the scribing process for the fabrication of high-
performance a-Si thin film solar cells. The realisation of a four-level hologram is
also of great interest. It is believed that there will be more innovative photonic
devices based on a femtosecond laser processing of a-Si thin films.
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Chapter 1
Introduction
1.1 Motivations
The poorly conductive materials such as coal, artificial crystals, amber, ceramics,
is usually referred as insulators. The materials with good conductivity are called
conductors, such as gold, silver, copper, iron and aluminium. An electrical con-
ductivity value between the insulator and the conductor exists in semiconductor
materials[1–4]. The devices made from semiconductor material are popular due
to their compact spatial arrangement, trustworthiness and low cost. The devices
that operate as discrete components are widely applied to the powering device,
optical switches and optical transmitters. There is a broad range of current-to-
voltage capabilities in these devices. As demonstrated in the book ”Physics and
1
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Semiconductor Devices” published in 2006, the current can be varied between a
few nano A to over 5,000 A and the voltage can spread beyond 10,000 V[5]. It
is more important that the complex integration of electronic circuits is achieved
with the semiconductor devices in manufacturing[6], as the essential components in
which the semiconductor devices will be found are increasingly used in a variety of
electronics and photonics systems for communication technology, data processing
technology and data storage technology[7].
Since the 1940s silicon has been studied, as it is one of the most important materials
in the semiconductor industry[8]. Currently, silicon-based devices account for over
97% of all microelectronics, driven by the demand for low-cost technology for
integrated circuits. The properties of silicon are not the only reason that it is ideal
for devices. As an abundant element it is affordable and appealing for use as the
basis of electronics and photonics devices[9].
Amorphous silicon (a-Si) is one of the tetrahedral amorphous semiconductor mate-
rials with direct bandgap. It is widely acknowledged as the premier low-cost mate-
rial of many different photonics applications, such as the photovoltaic industry[10,
11]. With a significant expense advantage as a low-cost material a-Si thin film solar
cells are a competitive choice for power generation in the business market[12].
Femtosecond lasers are a subset of ultrafast lasers that emit optical pulses with
a duration below one picosecond[13]. These pulses are generated by mode lock-
ing and the output can be applied directly to manufacturing or can be amplified
to higher pulse energies for others[14]. The dramatic characteristics of the ul-
2
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trashort pulsewidth and ultra-high peak intensity, with rapid development, make
femtosecond laser technology a promising approach to material processing[15]. The
ultrashort pulse-width restricts the constitution of the heat-affected zone (HAZ),
which is essential for extremely accurate manufacturing and fabrication. The in-
teraction between the femtosecond laser pulse and a-Si is becoming attractive for
both industrial and scientific research needs.
1.2 Objectives
Currently, photonics applications based on a-Si thin films are becoming increas-
ingly attractive. However, the fabrication process in industry continues to work
with the nanosecond laser. The interaction process between the ultrashort laser
pulse and the a-Si is not yet well studied and demonstrated. It is important to
have an essential understanding of the femtosecond laser-material interaction for
the developing the fabrication process. This project obtains essential insight into
the femtosecond laser interaction with a-Si relevant to the manufacture of pho-
tonics applications. To depict the temperature change in electrons and lattices of
a-Si, a two-temperature model is proposed. The heat transfer model is created to
investigate the induced temperature transition of a-Si with the femtosecond laser
pulse.
The a-Si thin-film solar cells are typical over a-Si-based photonics applications.
The films assembled into an array are only as efficient as the micro-channels on
the films that convert the sunlight into electrons for power generation[16]. Lasers
3
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are instrumental for scribing solar modules into individuals over the fabrication
process of a-Si thin film solar cells[17, 18]. In the solar cells the a-Si thin film
is working as the absorber layer which is the key factor determining efficiency,
as lower cost of materials means improved efficiency. To reduce material damage
in the fabrication process, an experiment is set-up to investigate the optimum
laser-scribing parameters, including of laser fluence and speed.
Holography is a technique of recording information, such as amplitude and phase
of a light field. This method uses the difference in phase between two beams to
record the information of an object. It is similar to how a photograph records
the colour and intensity of light to take a picture[19]. The method of direct laser
recording on an a-Si thin film layer is based on the phenomenon of the direct
formation of micro-relief by focused laser radiation. The direct laser recording on
a-Si thin film is attractive for diffractive structure recording without wet chemical
processing, bringing new possibilities of diffract structure fabrication with the use
of laser writing devices.
1.3 Thesis outline
The focus of this thesis is to demonstrate the femtosecond laser pulse interac-
tion with a-Si thin film and to investigate the possibility of its application in the
fabrication process of photonics devices. This thesis studies a-Si thin film-based
holographic for display applications.
4
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In Chapter 2, the basic characteristics of a-Si are introduced, followed by the
introduction of a-Si thin-film solar cells. The basic principles and fundamental
physical concepts of the laser scribing process in solar cell fabrication is presented.
The holographic technology is also demonstrated as well.
Chapter 3 demonstrates the theoretical study of the femtosecond laser pulse inter-
action within a-Si thin-film. The absorption of laser radiation is first introduced.
Further, the theoretical study consisting of a two-temperature model and a heat
transfer model is provided. Finally the simulation results of the theoretical models
are demonstrated.
Chapter 4 begins with the depicted experimental setup for the laser scribing pro-
cess. The setup design is illustrated and the parameters for the optical components
are demonstrated. The experimental results of laser scribing on the a-Si layer are
presented. The optimum laser scribing parameters are indicated after the com-
parison is made between the results of the different femtosecond laser fluence and
overlap ratio.
In Chapter 5, the basic methodology of holographic technology is first demon-
strated. A-Si is introduced as an attractive material that can be used to realise
holographic display. Next, to explore the optimum fabrication parameters, the
experimental result of grating is revealed. Finally, the design of the hologram
pattern is illustrated with the corresponding holographic image.
Chapter 6 presents the conclusions of this research project. This thesis theoreti-
5
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cally investigates the femtosecond laser pulse interaction with a-Si thin film. The
femtosecond laser scribing experiment is applied to a-Si thin film and the binary
holographic images based on a-Si are realised with direct femtosecond laser writing.
Subsequently, discussions for future research are demonstrated. The femtosecond
laser scribing process consisting of P1 (removal of TCO layer), P2 (removal of a-Si
layer) and P3 (removal of a-Si layer and back contact) in the solar cells fabrication
is important. The research of a-Si based multi-level hologram and the relationship
between depth and the change of refractive index after multi-time laser writing is
significant.
6
Chapter 2
Background and Literature
Review
2.1 Introduction
This chapter provides the background to the field related to this project and
the literature review. First, an overview of a-Si is provided. and the nano- and
femtosecond laser induced damage is compared. In the next section, a-Si thin
film solar cells consisting of principle, efficiency, the laser scribing process and
the formation of silicon defects in fabrication are presented. Finally, the study of
digital holography technology is shown.
7
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2.2 Overview of a-Si
This section provides an overview of a-Si, outlining the atomic structure and the
method of production.
2.2.1 Atomic structure of a-Si
The difference in the atomic structure between the two types of Si that which
are crystal and amorphous is demonstrated in Figure 2.1[20]. In the two types,
every Si atom is covalently connected to four adjoining Si atoms. The connec-
tions possess identical extents, including length and angle between bonds. The
coordination represents the amount of connections one atom associates with the
adjoining atoms[21]. There is four-fold coordination in mono crystalline silicon
(c-Si). A group of the Si atoms and their connection is defined as a crystal lattice,
that could be regenerated by duplicates of the group and its counterparts stacking
close to others[22]. This representation of the conventional positioning of atoms is
expressed as the long-range order in configuration.
There are a sufficiently low number of defects in bond density between connec-
tions, as density is reduced by orders of magnitude[23]. It can be found that the
configurational sequence in structure of a-Si is inconsistent with the long range
order in c-Si, as shown in Figure 2.1 (b). However, and identical connection ex-
ists in the atomic structure of the native dimension of the atoms in which the Si
atoms are connected to four joints with covalent bonds. Short-range orders exist
8
CHAPTER 2. BACKGROUND AND LITERATURE REVIEW
Figure 2.1: Structural schematic of the atoms in (a) c-Si (b) a-Si:H[21]
in a-Si. The failure of the construction of this configuration over the distance of
several atomic dimensions is induced by the structural difference in the length and
angle between connections[24]. In nature it is random connection in the atomic
configuration of a-Si. These existing short range orders in configuration allows
a-Si to be considered as common semiconductor idea[25].
The stained bonds are induced by the structural difference in the length and angle
within a-Si. Compared to the ideal covalent bonds in c-Si, this demonstrates an
increment in the energy in these vulnerable bonds in a-Si. Therefore, the bonds
with lower energy are disadvantaged, which could be effortlessly separated and
built-up in the configuration. The explanation of this disadvantage is corrected in
terms of the crystal configuration within the constant structure[26]. The defect
9
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in structure is created by any atom within the crystal, which is inappropriate in
the established grid. Within the constantly random structure, the single atom
is not allowed to be inappropriate. Because the configuration of the atoms is of
the coordination with the adjoins, in a-Si, it is called the ‘coordination defect’[22,
26]. This defect exists when the corresponding number of bonds in the atom are
extremely high or low. Within a-Si, the defects are primarily represented by Si
atoms that are covalently connected by only three Si atoms and have a single
electron named a ‘dangling bond’[26, 27]. The dangling bonds mainly aﬀect the
defects in a-Si.
2.2.2 Production method
The production method of a-Si is vapour deposition (1976, Spear Method), which
is the thermal decomposition of hydrogen. It can be doped as required during
decomposition, such as corporation of phosphine or hydrogen hydride. The man-
ufacturing conditions are easy to automatically control by vapour deposition. In
nature, a-Si exists as a form of hydrogenated a-Si (a-Si:H).
To achieve an amorphous state, a high cooling rate is required. There are var-
ious production requirements of different cooling speeds for different materials.
This requires an extremely high cooling speed for silicon. Amorphous methods
are currently unavailable in liquid quenching. In the last 20 years, many methods
for the deposing a-Si thin films have been developed, including sputtering, glow
discharge, vacuum evapouration and chemical vapour deposition[28]. The struc-
10
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ture and properties of the a-Si film are closely related to the preparation process.
A-Si film prepared using the glow discharge method has simple equipment and the
greatest quality.
The glow discharge method is the decomposition of reaction gas in a plasma to
deposit a thin film on a substrate, which is a chemical vapour deposition performed
with the aid of plasma[29–31]. A vacuum system is used to generate the plasma by
applying power at an extreme frequency. Based on the different paths of employing
the electrical field to the vacuum chamber, there are different classifications of the
glow discharge method, a direct current and an extreme frequency, a microwave
field and a glow discharge of an additional magnetic field[29]. The decomposition
with silane in a plasma formation and deposition on a substrate in a device using
the glow discharge method is the growth process of a-Si:H thin film.
In the last 10 years, high hydrogen dilution silanes have been eﬀectively used
to improve the stability of a-Si:H films. Among these silicon-based materials,
hydrogen plays an important role by passivating a large number of dangling bonds
in the a-Si film, reducing the defect density of the film and the non-radiative
recombination centre in the bandgap.
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2.3 Nano- and femtosecond laser induced dam-
age
Laser scribing is a process that eﬃciently adopts laser photons for removing mass.
The choice of laser source greatly relies on the usage requirements. However, there
are different primary influences, as the laser pulse duration determines the ablation
process.
Samples
Nanosecond laser pulse
Femtosecond laser pulse
Figure 2.2: Schematic diagram of nano- and femtosecond pulsed laser pulses
processing.[32]
The laser beam offers determined photon energy (wavelength) and optical density
(number of photons) when it is induced on the samples. The laser beams of
nanosecond pulsewidth and femtosecond pulsewidth process are shown in Figure
2.2. In this example, the two lasers have identical wavelengths. As shown in
this figure, the femotosecond laser pulse is a temporal and spatial delta function
12
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compared to the expanded nanosecond pulse. For instance, the pulsewidth of
commercial Nd:YAG laser is 6 ns and the pulsewidth of Ti:sapphire laser is 100
fs. In this example, the 100 fs laser pulse has a length of 30 m, and the 6 ns laser
pulse has a length of 1.8 m[32].
Nanosecond absorption length
femtosecond absorption length
Figure 2.3: Different penetration depth by nano- and femtosecond pulse
absorption.[32]
During the entire period of experiment, the sample and laser wavelength are iden-
tical. The depth of the optical penetration is varied, as shown in Figure 2.3. The
depth is lower for femtosecond laser pulse compared to nanosecond laser pulse.
In practice, the optical penetration depth depends on both the samples and the
incident laser exposure. The images of Figure 2.3 on the right side show the opti-
cal index is generated by the nonlinear absorption of nano- and femtosecond laser
pulse mutual responses in the samples.
As depicted in Figure 2.4 the HAZ is much bigger for nanosecond pulses compared
to femtosecond. The size of HAZ generated by 100 fs laser pulse is around 4 nm,
which is dramatically smaller than the 1000 nm HAZ generated by 6 ns laser pulse.
It demonstrates a great heating and melting area, as the pulse duration is suﬃ-
ciently long for the optical power within the nanosecond pulse to scatter into the
13
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samples. The phonon patterns begin nearly 10 ps after the mutual response of the
original laser beam within the sample. Thus 100 fs laser pulse is finalised prior to
the vibration of a molecule. The HAZ illustrates the way the atoms and molecules
react to the energy in each unit volume. Because the sample will experience pref-
erential vapourisation, the heating to melting phase is believed to be unfavourable
during ablation. Heating can also motivate the fundamental migration in the bulk,
which significantly alters the stoichiometry within the samples. The figure on the
right side represents the measured optical emission from plasma persistence of two
laser beams. It demonstrates the laser beams have identical parameters including
wavelength and optical density and the pulsewidth is the only diﬀerent parameter.
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Figure 2.4: Nano- and femtosecond laser pulses interactions with the samples.[33]
Figure 2.5 shows the samples that are exposed to nano and femtosecond laser
ablation, of which the coefficients are identical, with the exception of the pulse
process. The HAZ is greater for the nanosecond laser pulse and there is one rim
surrounding the crater. The femtosecond laser has an influence on a smaller area
and the non-thermal process is adopted to remove the ablated mass in which there
will not be a rim generated owing to melting flushing. The total quantity of the
removed mass relies on the power of the laser pulse.
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nanosecond
femtosecond
Figure 2.5: HAZ with different sizes generated by nano and femtosecond laser
pulses.[34]
As previously discussed, lasers with pulsewidths in the femtosecond regime can
offer significant advantages over longer pulse lasers for the laser scribing process.
Figure 2.6 demonstrates the comparison between laser scribing with nano and
femtosecond pulsewidth. Many conventional applications require both infrared
and visible Q-switched lasers, as their pulsewidth is within the range of dozens of
nanoseconds and they remove substances using photo-thermal interaction. Here,
the focused laser beam acts as a strong heat source. The targeted substance is
rapidly heated, and will ultimately be vapourised.
The benefit of this method is that it allows the fast removal of large amounts of tar-
get material. In addition, nanosecond laser technology is completely established,
and these sources are effective and have favourable cost. Nevertheless, the size of
the HAZ and the frequent presence of recast material around the laser-produced
feature can lead to limitations. It makes the study of femtosecond laser fabrication
more important.
The laser material removal from ultrashort laser processing is called photoabla-
15
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Nanosecond pulsewidth
laser beam
Ultrashort pulsewidth
laser beam
Photothermal Interaction
Photoablation
Recast
material
Surface debris
Figure 2.6: Comparison of photothermal interaction vs. photoablation.[32]
tion. Laser photons break down the bonds that keep the target material together
directly, atomising it. A cold process causes less HAZ. Meanwhile, there is no
recast material remaining due to its cleanness, so there is almost no need to make
processing in the later period.
These ultrashort pulses allow for high instantaneous peak powers. Their high
fluence drives multi-photon absorption, which excites electrons in the material
and directly breaks atomic bonds. Moreover, as the pulsewidth is shorter than
the thermal diffusion rate in the material, the heat generated from the residual
thermal effects is removed with the atomised material before it can spread as a
16
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HAZ.
2.4 Amorphous silicon thin film solar cells
2.4.1 Working principle of amorphous silicon thin film so-
lar cells
‘Solar cell’ (photovoltaic cell) refers to the electrical equipment that turns the
energy of sunlight into electrical power. Semiconductors used in photovoltaic pro-
duction absorb sunlight and express the energy absorbed to the carriers forming
the circuit[35]. As shown in 2.7, a schematic diagram illustrates the configuration
of a standard solar cell module. The light hits the top component of the device,
which is the antireflective layer. A metal grid, which is built on the absorbing
layer, permits the light to be drawn to the semiconducting material and then be
absorbed and transferred to the electricity power. The reflection of the sunlight is
avoided, as the antireflective layer on the top side improves the transmittance of
the light energy which can be absorbed by the semiconductor. These semiconduc-
tor diodes are transferred in case the n-type and p-type semiconductors are taken
together to establish one metallurgical connections. This is achieved by diffusing or
implanting of particular dopants[35]. The electromagnetic irradiation, consisting
of sunlight, is contained by photons that take the numbers of the power decided by
the feature of the original spectrum. There is a relationship between the energy of
the photon and the wavelength of the light as expressed by Eλ = hc/λ, in which h
17
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refers to Plank’s constant and c refers to the speed of light. The photons produce
the electron-hole pair as the the carrier when they have suﬃcient power; that is,
they have greater power compared to the bandgap of the semiconductor Eg) and
contribute to the process of power generation[36].
Metal Contact
Metal Grid Antire!lective Layer
Sunlight
n-type layer
p-type layer
h
+
h
+
e
_
e
_
Figure 2.7: Schematic drawing of basic working principle in solar cells represent-
ing the generation of electron-hole pairs.[36]
The amount of sunlight taken by one semiconductor is not solely dependent on the
energy of the bandgap, the impending spectra is also identical. The temperature
of the sun is approximately 5762 K and the spectra of its irradiation could be
estimated by using a black-body radiator at that temperature[35]. The isotropic
represents the irradiation emitted by the sun. Nevertheless, the distance between
the earth and the sun approximately 149.6 million km indicates that only the
photons sent straightforward along the path to earth contribute to the observed
solar spectra. Beyond the atmosphere of earth, the radiating intensity called ‘solar
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constant’ is approximately 1.353 kW/m2[35, 38] and the spectrum is regarded as
an air mass zero (AM0) irradiation spectrum. This refers to the method of the
absorption taken into account within the atmosphere, which influences on the
distribution of the spectrum and the intensity of the sun on earth. The air Mmss
coefficient defined as AirMass = 1/cosθ is used to measure the attenuation of
the irradiation, in which θ refers to the incident angle of sunlight. Therefore,
AM0 with the spectra of sunlight beyond the atmosphere and AM1 corresponds
to the spectra of sunlight on the surface of earth, while the sunlight directs straight
forward[39]. As a popular factor for contrasting the performances of solar cells,
AM 1.5 is standardised to the entire energy density of 1 kW/m2. The substance of
the sunlight spectrum obtained by the earth consists of the diffusion, which means
the spectra could scatter and reflect. This could be responsible for over twenty
percents of the incoming sunlight of a single solar cell. The spectra of AM0, AM1.5
(terrestrial) irradiation and black body (T = 5762 K) are depicted in Figure 2.8.
2.4.2 Efficiency of amorphous silicon thin film solar cells
To properly understand a solar cell’s electronic essence, it is beneficial to design a
model with electrical equivalence and a basis of disconnected electrical components
with popular behaviour. A perfect solar cell will be a current source parallel with
one diode, however, there is no perfect solar cell. For the improvement of the
solar cells, the shunt resistance and a set of resistance elements take account of
the pattern[40]. Figure 2.9 displays the consequent equal circuit of the solar cell.
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Figure 2.8: Radiation spectra of black body at T=5762 K at different air mass:
AM0 (reference spectra of sun outside atmosphere) and AM1.5 (terrestrial solar
spectra)[36]
From this figure, it is clear that the electrical current generated by the solar cell
can be highlighted by
I = IL − ID − ISH = IL − I0
{
exp
[
q(V + IRS)
nkT
]
− 1
}
− V + IRS
RSH
[40], (2.1)
in which I, IL, ID, ISH and I0 refer to the output current, the photocurrent,
the diode current, the shuntting current and the reverse saturation current,. The
elementary charge is expressed as q, diode ideality factor is expressed as n, Boltz-
mann’s constant is expressed as k, the absolute temperature is expressed as T , the
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ID ISH
RSH
RS
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V
Figure 2.9: The schematic diagram of circuit within solar cells[40]
output voltage is V , the resistance of the series is RS and the shunting resistance
is RSH .
When considering voltage V , in principle, the operating current I is decided by Eq.
2.1. However, in a transcendental function, as the current is involved in Eq. 2.1
on both sides, a general analytical solution for the equation cannot be discovered.
Instead, it is easily solved using numerical methods as it doesn’t offer the direct
measurement for the coefficients I0, n, RSH and Rs. Nonlinear regression is the
most common application of the characteristic equation for extracting the values
of these coefficients based on their associated effect on the solar cell action I-V
characteristic. Figure 2.10 demonstrates the ‘current-voltage’ feature of the typical
silicon solar cell[41]. The specified significant figures of value for solar cells have
been illustrated. The short-circuit current ISC , open-circuit voltage VOC and fill
factor refers to the maximum obtained power (Pmax) to the product of ISC and
VOC . G refers to the power generated by PV system. The power transformation
effectiveness η of the solar cell, the percentage of the solar power transferred into
electricity, can be obtained as
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η = (VMP · IMP/E · S) · 100% = (FF · VOC · ISC/ES) · 100%, (2.2)
in which E is irradiation intensity and S is cell area.
Figure 2.10: The irradiation dependency of I-V characteristics in solar cells[41]
A number of semiconductor materials fabricate solar cells and materials display
varying efficiencies and costs. Bulk materials, including c-Si and polycrystalline
silicon, are cut into wafers between 180 µm and 240 µm thick, which can make
many currents available as terrestrial solar cells[42]. In contrast, some materials
are made as thin film layers, such as a-Si, copper indium gallium selenide (CIGS)
and cadmium telluride (CdTe), which are deposited on supporting substrates.
Thin film solar cells are significant to researchers nowadays, since thin films can
dramatically reduce the cost of material.
The improvement in efficiency of best research cells by technology type is depicted
in Figure 2.11. There are fundamental investigations into the efficiency of the
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upper limitation of a solar cell[43]. On the basis of Eq. 2.2, solar efficiency is
proportional to the product of ISC and VOC. To estimate the photocurrent, the
photon energy is known to be lower than the bandgap, which cannot be absorbed
by the semiconductor. One assumes that there is an optimum cell that has no op-
tical loss, and the attainable current density for a specific bandgap semiconductor
is achieved by associating the solar spectral allocation. Due to the bandgap power
and the association, the starting value runs over the entire short wavelength.
Figure 2.11: Time-dependent records of the best efficiency for different types of
solar cell technology in laboratory[44]
Therefore, as lower-band-gap semiconductors absorb larger parts of the spectrum,
they yield higher currents. Exciting electrons absorb photons from the valence
band to the conducting band through the procedure of the electron-hole pair
generation[45]. As demanded by the comprehensive balance[43], by generating
one radiative re-combination process, a free electron can decay from the conduct-
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ing band to the valence band, which accounts for luminescent light emission. If the
intensity is above the bandgap, it can be re-taken, causing fresh electron-hole pair
generations and balancing the reallocations[46]. Assuming that charge transport
is conducted completely through the diffusion of minority carriers, the connection
of electricity and voltage produces an expression, as shown in Eq. 2.3,
VOC =
kT
q
[
ln
ISC
I00
]
[43], (2.3)
in which k refers to the Boltzman constant, T refers to temperature, q refers to the
electrical charge of the electrons and I00 refers to the minimum diffusion current in
a p-type absorber. Therefore, lower-bandgap semiconductors yield lower voltage,
deepsite a higher current[47]. The combined effect of the bandgap with the upper
limits of the solar cell is shown in Figure 2.12.
2.4.3 Photovoltaic effect of Silicon
One large area p-n junction produced from silicon is the most generally accepted
solar cell[49]. As a simplification, it is possible to bring a layer of n-type silicon into
a straightforward connection with a layer of p-type silicon. The way of diffusing
the n-type dopant into a side of a p-type wafer (or vice versa) cannot make p-n
junctions of silicon solar cells. If one part of p-type silicon is placed in a closed
connection with one part of n-type silicon, the diffusing electrons later appears
from the area of the n-type side with improved electron focus into the area of the
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Figure 2.12: Maximum theoretical efficiencies dependence on the energy of
bandgap for solar cell technologies[48]
p-type side with low electron focus. With the electrons diffusing across the p-n
junction, they reconnect with holes on the p-type side. The diffusing of vectors
is not common, as charges established on either side of the junction have the
electric field. A diode produced by the electrical field promotes charge flow that is
accepted as drift current oppose and balance the diffusion of electrons and holes.
Without any mobile charge carriers, the area in which electrons and holes have
diffused through the junction is called the ‘depleting area’.
The fundamental configuration of an a-Si solar cell is shown in Figure 2.13. Com-
pared to c-Si, there are some advantages for a-Si:H to be used in solar cell technol-
ogy. Compared to the technologies for developing crystals, the technology engaged
is comparatively easy and cheap. For example, a-Si can be deposited onto cheap
substrates, such as glass. The deposition approach is now normally regarded as
plasma enhanced chemical vapour deposition (PECVD).
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Glass
TCO
a-Si Layer
Back Contact
Figure 2.13: Fundamental configuration of a-Si thin film solar cells
In Figure 2.14, the spectrum illustrated in the upper panel represents the coefficients
α(!ν) of optical absorption for a-Si and c-Si[50]. Within the lower panel of the
figure, the spectrum of the connected solar irradiance refers to the solar energy
intensity (in W/m2) carried by photons over the power of the bandgap !ν. It is
evident that when the photon energy is greater than the energy of the bandgap of
a-Si:H (which is ∼1.8 eV ), the absorption coefficients of a-Si:H can reach 2 orders
of magnitude of the coefficient of c-Si. This demonstrates that photons with power
greater than the bandgap can be taken in by an a-Si:H film with a thickness of
500 nm. However, for the same amount of absorption, c-Si requires hundreds of
microns of thickness, as a-Si a semiconductor with direct bandgap and c-Si is a
semiconductor with indirect bandgap. A schematic to demonstrate the absorption
process within direct and indirect bandgap of semiconductors is shown in Figure
2.15.
The difference between the atomic structures of c-Si and a-Si:H causes discrepant
allocations of the mass of permitted power conditions, as schematically presented
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Figure 2.14: The comparison between absorption coefficients of a-Si:H and c-Si;
the solid line below representing the radiation of solar energy. The a-Si:H layer
of 500 nm thick absorbs the photon energy above 1.9 eV and the corresponding
irradiance is 390 W/m2.[50]
in Figure 2.16[50, 51]. The distribution of density of states is shown in Figure 2.16
(a). A sell-defined bandgap Eg separates the valence band and the conducting
band. It is observed at room temperature c-Si has the bandgap of 1.12 eV . For
the ideal crystal, no permitted energy states exist within this bandgap.
As demonstrated in Figure 2.16 (b), in a-Si:H, an associated distribution of the
mass of conditions but no well defined bandgap has existed with both the valence
band and the conducting band. Due to disorder with the long-ranging orders
within the atomic configuration of a-Si:H, the power conditions of the valence
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Figure 2.15: Schematic diagram of light absorption in semiconductors of direct
and indirect bandgap[50]
Figure 2.16: The schematic diagram of the bandgaps between the conduction and
valence energy states that represent (a) single c-Si (b) a-Si:H[52]
band and the conducting bands extend to bandgap and establish areas referred to
as band tail states. The band tail conditions stand up for the power conditions
of electrons forming the strained bonds within the a-Si:H network. Among a-Si:H
materials, one of the parameters for the disorder is the range of the band tails.
This means that if there is greater disorder within a-Si:H, there is a broader band
tail. Additionally, permitted energy states located within the central area of the
valence band and conduction band states are introduced by the suspending bonds.
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It is characteristic that the electron and hole wave functions extend over all the
configurations for energy states. The charge carriers could be regarded free vectors.
These non-localised states are referred to as extended states. Within this structure,
the wave functions of the tail and defect states are localised so those states are
considered localised states. As a result, mobility characterises the carrier transport
and strongly decreases through the localised states. Its bandgap is defined by the
characteristic of one obvious decrease in the mobility of vectors in the localised
conditions within a-Si:H. The term ‘mobility gap’ (Emob) denotes this bandgap as
the condition of a crucial specific mass of states within the gap and has confection
with the typical idea of the bandgap. The power degrees separating the spread
states from the localised conditions within a-Si:H are called the valence band and
the conducting band mobility edges. The bandgap of a single crystal silicon is
small compared to the mobility gap of the a-Si:H with the classic value of 1.8 eV .
The localised tail and suspending bond states exert remarkable influence on the
electrical features of a-Si:H. The tail states function as trapping centres and form
the space charge within the equipment. The suspending bond states operate as
efficient reallocation centres and especially influence the lifetime of the charging
carriers.[52]
However, a-Si:H suffers from two disadvantages. First, the cell efficiency of a-
Si:H is relatively low in contrast with other thin film technologies. Further, light
inspired degradation, termed the Staebler-Wronski Effect (SWE) is associated with
material hydrogenation, which reduces initial efficiency by more 50% if it is exposed
to sunlight for several months[53]. Important material properties that have a place
within the SWE are high chaos within the Si network and have a high concentration
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of impurities. These allow several atoms to have suspending bonds that function as
defects. Hydrogen passivates these suspending bonds; however, combined electron-
hole pairs are generated by light exposure. The released energy can change the Si:H
bonds and transform H to the transport condition. The diffusing hydrogen atom
successively separates Si-Si bonds that creates Si-H bonds and the neighbouring
suspending bonds. Cell efficiency is reduced by the developing defect density due
to SWE. During the thermal annealing period, hydrogen atoms will return to their
initial positions. The SWE can be reversed by this process; nevertheless, if the
material is exposed to sunlight, the degradation process will repeat[54].
2.4.4 Laser scribing process in fabrication
Due to their lower material cost compared to c-Si, a-Si thin film solar cells are
a well-known technology for PV usages. Typicall thin-film solar cells that are
applied to PV applications comprise back connection, absorber and front contact
films deposited on inexpensive substrates, such as glass. The 400 to 500 nm thick
front and back contact layers are used to collect the current produced in the 2
to 3 µm thick absorber layer. This represents a significant reduction in material
volume compared to bulk c-Si panels that are hundreds of microns thick. Absorber
materials used in thin film cells contain a-Si:H, a-Si:H/microcrystalline (µc)-Si:H
tandems, CdTe and CIGS. Transparent conducting oxide (TCO), such as tin oxide
(SnO2), indium tin oxide(ITO) and zinc oxide (ZnO) are applied for the front
contact layer so that light can reach the absorber. The back contact layer can be
TCO or metals such as nickel or aluminium.
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To maintain the module efficiency, the large scale a-Si solar panel falls into small
cells associated in series to improve the produced voltage and keep the single cell
effectiveness within a large region. For example, the identical 1 m2 of a-Si thin
film solar module with 100 associated cells could generated current of 1.6 A at
voltage of 60 V, and have identical energy to the large one. The separation lines
must be scribed at various periods of solar cell generation. Figure 2.17 establishes
a monolithically integrated series interconnected between separated cells.
individual cells
Substrate
Figure 2.17: The thin film solar modules fabricated on the glass substrate[55]
The first step of the power generation in an a-Si solar panel is the photoelectric
generation of free electrons within the absorber layer after exposure to sunlight.
The action of carriers, electrons and holes, to the back and front contact layers pro-
duce currents. The efficiency of solar panels is limited by resistance losses within
the pattern which are proportional to the square of the current. The photocurrent
is reduced by scribing the panel into many small modules and combining them into
sets to produce the equipment with low-current and high-voltage. As every layer
within the small module requires connection after depositing, scribing is carried
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out in three stages: pattern one (P1), pattern two (P2) and pattern three (P3).
In P1, scribing of the front contact layer is denoted. It begins modelling the TCO
layer and defines the amount of small modules. P2 and P3 alternative between re-
moving the absorber and back contact layers. Figure 2.18 depicts the resulting cell
interconnections and structures. The photoexcited current flows between the back
and front contact layers in every mini-module and between mini-modules through
the P2 scribing slot, which is filled with conductive back contact material.
Back Contact
Absorber
Front Contact
Glass Substrate Sunlight
P1 P2 P3
L3
L2
L1
Dead Zone
Figure 2.18: Interconnection schematic of a thin-film solar module
To compare mechanical scribing and laser scribing, the essential strength of laser
scribing lies in enabling smaller line width. Therefore, the dead zone could be
smaller with better efficiency. However, this demonstrates that laser scribing leaves
HAZ after the laser scribing, leading to poor separation of cells and low shunt
resistance. This indicates that laser scribing creates great protruded ridges at the
edges of the scribing grooves, contributing to electrical shorts. When laser scribing
decreases, resistance fails by reducing photocurrent. It also builds up dead zones
between P1 and P3 grooves, which are useful to reductions in module eﬃciency[56].
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Film break
(a) film-side laser scribing (b) glass-side laser scribing
Figure 2.19: Schematic of (a) ablative removal in film-side laser scribing and (b)
micro-explosion-based removal in glass-side laser scribing
To reduce the thermal influence of laser irradiation in the process of tackling,
the application of extreme-short pulsed lasers, such as picosecond and femtosec-
ond lasers, is under research for scribing periods. Because lasers are complex and
require significant expenditure, regardless of pulse duration, it is unwise to elimi-
nate material melting. Laser scribing can be performed under two configurations:
film- and glass-side scribing. Film side tackling has less thermal influence and is
less efficient than glass side laser processing. Film side laser scribing is regulated
by heating, melting and vapourising selective films. Compared to film-side laser
scribing, glass-side laser scribing refers to the thermal-mechanical period involv-
ing stress-motivated material failure and removal, instead of vapourisation. The
dominant removal mechanism of film-side laser scribing is thermal ablation, as
shown in Figure 2.19 (a), which depicts one large heat-influenced area close to the
scribe, giving rise to poor separation of cells and low shunting resistance. This
process also makes non-vertical sidewalls, as demonstrated in Figure 2.20 (a), and
high positive ridges through the scribing groove, which act as electrical shorts. In
contrast, glass-side laser scribing, as a thermo-mechanical process involving stress-
motivated material loss and removing, is frequently regarded as micro-explosion
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tackling. Glass-side laser scribing is applicable to brittle layers such as absorber
and TCO materials. In this process (see Figure 2.19 (b)), localised laser energy
absorption causes the formation and expansion of high pressure plasma at the film
or substrate interface, which then expands, resulting in the mechanical removal of
the solid film above. As shown in Figure 2.20 (b), the sidewalls formed using this
method are steep and no protrusions are detected at the edges. Although glass-
side scribing has significant advantages over film-side scribing, the HAZ, imperfect
sidewall geometry, and micro-cracks are yet to be eliminated.
Figure 2.20: Scanning electron microscope images of the overview and boundary
of (a) film-side and (b) glass-side single pulse irradiation of SnO2 thin film on
glass substrate at 127 J/cm2[57]
Figure 2.21 demonstrates the processing steps of glass-side laser scribing. Because
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of the large optical absorption depth in TCO materials, the P1 process is domi-
nated by thermal ablation, typically using 1064 nm laser irradiation. In contrast,
the P2 and P3 processes, which are initiated by the removal of the absorber layer,
utilise 532 nm laser irradiation due to the large difference in damage thresholds be-
tween the absorber and TCO materials at this wavelength. This occurs through a
micro-explosion mechanism due to localised absorption by the absorber layer. The
deposition of each layer between scribing steps is performed to cover the surface
of the previous layer and fill any previously formed scribe slots.
Front contact
Glass
substrate Laser1064nm
Glass
substrate
Glass
substrate
Absorber
532nm
Laser
Back contact
532nm
Laser
(a) Pa!ern 1 (b) Pa!ern 2 (c) Pa!ern 3
Figure 2.21: Schematic of P1, P2, and P3 laser scribing of multilayer thin
films. P1 removes the front contact layer. P2 removes the absorber layer and P3
simultaneously removes the absorber and back contact layers.
2.4.5 Formation of silicon defects in fabrication
When scribing decreases resistive losses in the module by reducing the photocur-
rent, area of dead zones between P1 and P3 grooves, leading to a decrease in
module efficiency. It is not possible for the zones to interact directly between the
rear and back contact layers. The width of the dead zones is determined by the
offset between scribe slots and scribe widths. Non-vertical side-wall geometries
can increase the effective scribe width, while the thermal effect can cause adjacent
material to experience micro-structural changes increasing the density of defects,
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which act as recombination entrance for free electron-hole pairs. In addition, the
formation of micro-cracks, delimitation and residual film material after scribing
can lead to further reductions in module efficiency due to increased electrical re-
sistance between layers or decreased isolation across the scribe slot, as shown in
Figure 2.22.
Delamination
Glass substrate
Film
Tapered sidewalls
Micro-cracks&
Dislocations at crack tip
Residue material by melting
Residue material
Figure 2.22: Schematic of the defects, including non-vertical sidewall, thermal
effect, residual material, film delamination and micro cracks caused by laser fab-
rication
Because of the special mechanical fracture resulting from micro-explosion, defects
as sidewall definition, film delimitation, residual materials and dislocations and
micro-cracks are induced. These lead to poor photocurrent and inactive cells.
Dr. Lauzurica analysed the way irregular scribe boundaries are formed. They re-
searched the film peeling after the thin film solar cells based on a-Si were scribed
by the nanosecond pulsed laser[58]. Using the application of an extremely short
pulse period laser, defects such as film delimitation (see Figure 2.23 a) can be
investigated. The formation of micro-cracks and film delimitation after molybde-
num metallic film was scribed on the glass layer, as shown in Figure 2.23 (b). The
residual material of cadmium sulfide (CdS) is observed in the scribe slots during
nanosecond pulsed P2 laser scribing of CdTe-based thin films with multiple lay-
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ers. Micro-cracks were also detected at the crack tips, which can affect the lasting
steadiness of solar cells.
Figure 2.23: (a) Scanning electron microscope image of P2 scribing of a-Si:H
film from the glass side using a 532 nm ps laser, showing a-Si:H film delamination
after processing. (b) Scanning electron microscope image of molybdenum metallic
film removal through 20 ns pulses at the repetition rate of 250 kHz and scan speed
of 5 m/s. Dashed circles denote the delamination of Mo films.[57]
Laser-induced thermal effect will also generate defects during micro-explosion. It
has been shown that laser-induced high temperature can cause thermal damage
underneath TCO material and inter-diffusion of sulphur into TCO layers[36]. Par-
tial residue of CdS has been melted and recrystallised after P2 scribing[52]. If the
bandgap of semiconductors is less than the laser photon energy, the defect form-
ing of vacancies (Schottky defects) will be introduced by the small laser fluence
(which is smaller than the threshold for melting). Partial power of the photo-
excited electron-hole pairs is converted during electron-phonon relaxing and lattice
heating[60].The large increase in temperature T (reaching melting temperature)
causes a defect that is produced due to thermo-fluctuation. During the process
of fast cooling, the temperature is cool down after completion of the pulse. The
density concerning the thermo-fluctuation defects arise at the stable value
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Nd = const · exp
[
− EA
K(T0 +∆T ))
]
, (2.4)
in which T0 refers to the original temperature, ∆T refers to the temperature in-
crement due to the heating, EA refers to the defect formation energy, K refers
to the Boltzmann constant. The value of the defect activating power in Eq. 2.4
is lessened by the lattice deformation that is generated due to heating. The de-
fect shaping power may also be decreased by localising electronic power in several
points of crystal. This will reduce the possible carrier of the defect transformation
to a novel balanced site. Hence, new recombination centres can be introduced by
locating electronic excitation on several original defects for the defect multiplica-
tion.
2.5 Digital holography
2.5.1 Introduction to digital holography
Vision is the primary source of human access to external information. To obtain
more abundant visual information researchers have invested considerable time in
the display field, making display technology one of the most important research
directions in the field of optics. With the rapid development of the information age,
information display is increasingly demanded. 3D display technology immerses
people in real, 3D scenes. This is an area that can be widely researched and used in
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education, health-care, culture and entertainment, industrial design and national
defence. Recently near-eye display as a head-mounted display system has received
increasing attention, as it can fuse virtual scene information with actual scenes
to achieve mixed reality display imaging[61, 62]. However, current commercial
display systems cannot meet growing commercial specification demands, such as
light weight, small size and strong function[63].
Holographic technology is based on the technique of optical wavefront recording
and reconstruction, which can effectively reconstruct image information with the
field distribution of the target light wave. This has significant advantages over
other display technologies. The holographic projection display can use the refre-
shable optoelectronic device as the display modulation device, which can improve
the light energy utilisation rate of the system. Holographic technology is consid-
ered the ultimate 3D display scheme, as the reconstruction image of the light wave
avoids the deep suggestion contradiction of the human eyes. The holographic prin-
ciple can be used to design various light weight and miniaturised high-performance
products. The holographic optical components have advantages, such as high
transmittance, low processing cost and low eﬀect on the environment. Due to
these advantages, holography display technology is considered the most promising
display technology[64].
Holographic optoelectronic components consist of holographic components for imag-
ing and spatial light modulators (SLM) for arbitrary wavefront modulation[63, 65,
66]. Existing holographic display devices have many problems that restrict per-
formance. Therefore, holographic display quality is limited by the bandwidth of
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the refreshable modulation device[67]. The spatial light modulator can be op-
tically addressed or electrically written. The addressing method loads the data
of the modulator pixel unit to form a two-dimensional optical information distri-
bution and realises the regulation of the incident light wave by the interference
recording and diffraction reconstruction of the target wavefront for the holographic
imaging[68, 69].
The pixel unit size of the conventional spatial light modulator is significantly
greater than the wavelength of the light. The minimum spatial size of the existing
spatial light modulator is approximately 3.74 µm. The field of view is relatively
small, which leads to restrictions on the size and resolution of the displayed ob-
ject. Simultaneously, the performance of the spatial light modulator writing sys-
tem affects the image refresh rate. The current maximum refresh rate is 60 Hz,
which has an eﬀect on the development of dynamic holographic display[70]. Con-
versely, existing holographic display devices limit the quality of display image. The
holographic optic component, as a dispersive device in the holographic waveguide
display system, causes a large dispersion phenomenon in the coupled input light
wave. Therefore, in the research of realising multi-wavelength colour matching for
colour display, there are various improvement schemes for the insufficient trans-
mittance of sensitive materials. However, they do not meet the requirements on
efficiency and achromatic effect[71]. In addition, there is a non-modulable area be-
tween the pixels of the SLMs as an imaging device. The ‘dead zone’ that is formed
causes a fixed background noise[72]. For different types of spatial light modulation
appliances there are different operating curves[73]. However, researchers have not
achieved the simultaneous, independent and precise regulation of the amplitude or
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phase of incident light, limiting the true 3D holographic display[74].
2.5.2 Fundamental working principle
Holography is a technique that records the light field generated by the reflection or
scattering of an object and reconstructs the corresponding image[75]. A hologram
refers to the encoding of the light field that captures the interference mode of
apparently arbitrary variations in the photographic medium. The interference
mode is observed between two beds of coherent light. A beam is emitted on the
recording medium as a basis for the light that is scattered from the illuminated
setting. The interference mode diffuses the light into a reconstruction of the initial
light field. It demonstrates visual depth cues, such as perspective and parallax,
that practically alter the variation in the relative site of the observer. In general,
a hologram refers to one photographic recording of a light area, rather than a
photo generated via lens. It is applied to display an entirely 3D picture of the
holographed subject, which is captured by eyes. The hologram is not an image,
but a recording, and is generally incomprehensible when observed with diffused
ambient light.
As shown in Figure 2.24 in a simple arrangement, there are several important
factors that allow the reconstruction of a holographic image. First, a source that
can coherently generate the laser beam at a specific wavelength is required. The
object is illuminated by an incident beam and followed by the creation of an
interference pattern generated by the reflected or scattered beam. To convert the
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generated interference pattern into optics to modify the amplitude or phase, a
recording medium is required.
Figure 2.24: A schematic of the path of the laser in which the red lines are the
wavefront of the laser light[76]
When the hologram is generated and the pattern is exposed to light, the inter-
ference patterns formed by the phase or amplitude difference reconstruct a holo-
graphic image of the original object as shown in Figure 2.25.
2.5.3 Development history
The physicist Dennis Gabor invented the holographic method and won the Nobel
Prize for Physics in 1971[77]. He was committed to pioneering the area of X-ray
microscopy in the late 1940s. This approach is also applied in electron microscopy,
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Figure 2.25: A schematic of the set-up required to view the hologram. The
reconstruction beam must be identical to the beam used to make the hologram.[76]
which is referred to as electron holography. However, optical holography did not
advance until the laser was developed in 1960. This development allowed the first
practical optical hologram recording of 3D objects to be produced in 1962 by Yuri
Deniyuk in the Soviet Union[78] and by Emmett Leith and Juris Upatnieks at the
University of Michigan in America[79]. They were not used often, as the generated
grating absorbed a large amount of incident light. There are multiple approaches
for transforming a variation in transmission so that a refractive index is developed.
This allows more useful holograms to be developed[80–82].
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Most holograms developed are related to static objects. Systems for showing
changing situations on a holographic volumetric display are currently produced[83].
Holograms can also be adopted for retrieving, storing and processing data visually
as well[84].
2.5.4 The challenge of holographic applications
There are many applications based on holography technology, in addition to record-
ing. Holographic data storage is a method for storing dense data inside photopoly-
mers or crystals. The rich data that can be stored in this medium are of great
importance. Compared to current storage techniques, holographic storage is ex-
pected to be the next generation of common media. The benefit of this data
storage not only uses the surface of media but also the entire material. Writing
and reading speed will also be significantly improved.
The dynamic holography technique is based on holographic material that does
not require the developing process and is able to quickly record a hologram. The
amount of processing information could be large, as the operation is conducted in
parallel on an entire image. Optical phase conjugation is a particularly promising
application. The wavefront distortion of a light is removed by passing through
the medium and sending it back with the phase conjugation. For example, this
phenomenon is helpful to compensate the free-space communication applications
for the atmospheric turbulence[85].
44
CHAPTER 2. BACKGROUND AND LITERATURE REVIEW
There are many other types of holographic applications. Holographic interferom-
etry is a method that allows statically and dynamically displaced objects with
a visually rough surface to be calculated to optical interferometric precision[86].
Sensors, scanners and security applications can also be made based on hologram
technology.
2.6 Conclusion
This chapter provided a general background and literature review. First, an
overview of a-Si was presented by demonstrating the atomic structure and produc-
tion method. Next, laser-induced damage caused by nano- and femtosecond laser
pulse was compared. With the ultrashort laser pulse interaction, the smaller HAZ
and cleaner groove was achieved. The basis of a-Si thin film solar cells was also
introduced. The structure of solar cells were given with the fundamental working
principle. The efficiency of solar cells were investigated with several factors. The
laser scribing process in fabrication was illustrated and laser-induced defects were
discussed. In the final section, digital holography was introduced with the basic
working principle, development history and holographic applications.
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Chapter 3
Femtosecond Laser Interaction
within Amorphous Silicon
3.1 introduction
In this chapter, the femtosecond laser pulse interaction within a-Si is investigated
from numerical models. First, the absorption of laser radiation is studied. Next,
a two-temperature model is modified to investigate the temperature change in
ultrashort laser pulse interaction. Finally, a heat transfer model is used to define
the geometry of laser pulse induced damage.
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3.2 Absorption of laser radiation
The absorption coeﬃcient Aλ is defined as the ration of the absorbed power to
the incident power, which is expressed as Aλ =
Iλ(absorbed)
Iλ(incident)
. The coeﬃcient of
reflection (or reflectivity) is adapted to present reflection on the a-Si surfaces.
This is generally expressed by Rλ and is described as the ratio of the reflected
intensity to incident intensity on an object (Rλ =
Iλ(reflected)
Iλ(incident)
). The fractional
transmissivity Tλ is defined as Tλ =
Iλ(transmitted)
Iλ(incident)
. In the event of none scattering,
the energy conservation[57] can be defined as:
Aλ +Rλ + Tλ = 1. (3.1)
Complex refractive index n¯, whichisusedtodescribetheabsorptionandrefractionofamaterial, isexpr
n¯ = n+ ikext, (3.2)
in which n is the general refraction index and kext is referred to the extinction
coeﬃcient. The reflectivity, which relies on n and kext, is expressed[87] by
Rλ =
∣∣∣∣ n¯− 1n¯+ 1
∣∣∣∣
2
=
(n− 1)2 + kext2
(n+ 1)2 + kext
2 , (3.3)
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The reflectivity expresses the reflection coeﬃcient of the material and the air for
normal incidence. The quantity of absorbed light from the material is determined
by the coeﬃcient of absorption α. As shown in the Equation 3.4, the absorption
coeﬃcient is determined by the extinction coeﬃcient kext[87]:
α =
4πkext
λ
, (3.4)
in which λ represents the wavelength of light. Based on the Beer-Lambert-Bouguer
law[88], the strength of the electromagnetic wave within the medium declines in
exponent. Once the beam propagates in z orientation and the average optical
energy at location z is I, the decline of the strength within the object could be
defined as[87]:
I = (1− Rλ)I0e−az, (3.5)
in which I0 refers to the strength of the incident beam. The transmittance of the
optical material at position z is expressed by:
Tλ = (1− Rλ)e−az, (3.6)
and the absorption which could be expressed by combining Equation 3.1 and Equa-
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tion 3.6 as:
Aλ = (1− Rλ)(1− e−az). (3.7)
The penetration depth, which is the factor that presents the decline of electromag-
netic waves within this object, is expressed by[89][90]:
δp =
1
α
, (3.8)
The penetration represents how far the intensity or energy of the field declines
to e−1. The depth, δe = 2δp, double as penetration, which further represents the
range over the top layer at which the dimension of the electrical or magnetic field
has degraded to e−1 of its top layer value[91].
3.3 Theoretical study of femtosecond laser inter-
action
In this section, the theoretical study of femtosecond laser pulse interaction within
a-Si is investigated from a two-temperature model and a heat transfer model. The
two-temperature model is used to study the temperature change of a-Si with the
incident ultrashort laser pulse. The study of the heat transfer model investigates
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the structural removal caused by the induced laser pulse damage.
3.3.1 Two-temperature model
3.3.1.1 Basics of the two-temperature model
Pulsed laser ablation can be classified into two categories - photothermal and
photo-ablation. These are also called thermal ablation and non-thermal ablation.
In the thermal regime, melting and ablation occurs after the energy is redistributed
to the lattice by the excited electrons and arrives at a general temperature. Their
energy is redistributed to the lattice by the excited electrons based on electron-
phonon interactions. The time scale for the object to arrive at a common temper-
ature is determined using the electron-phonon coupling constant. On the basis of
the laser fluence, the resulting temperature of the material is likely to surpass the
melting point, so the melting begins at the surface and moves to the inside.
At a larger fluence, the boiling point is surpassed, and the gas phase nucleates in
the superheated liquid. If the rate of the gas bubble formation is large compared
with the liquid cooling rate, the object is explosively expelled from the surface,
causing an ablation. If fluence are higher than those required for thermal melting,
pump-probe studies can be conducted to analyse the non-thermal melting of the
lattice. Non-thermal melting is applied to define the loss in the long range order of
the lattice prior to the material has reached a common temperature. Theoretical
studies demonstrate that melting may appear in this manner. Disarray in the
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lattice is expected to appear after 100 fs, due to the covalent bond declining upon
excitation of over 15% of the valence electrons. The lattice becomes disordered
during one atomic vibration.
Because the electrons are poorer quality than the lattices, the electrons absorb
large amounts of the incident laser energy. The electron energy is increased and
transported among themselves. After tens of femtoseconds, there is a thermal
equilibrium for electrons. If there is still an incident laser, the electrons continue
to absorb the energy and the temperature rapidly increases. During this process,
the lattice absorbs little energy and the temperature remains almost the same.
Thus, there is a temperature diﬀerence between the electrons and the lattices.
Next, the electron cooling occurs due to the electron-phonon energy transportation
and the electronic motion. The temperatures of the electrons and lattices are
equal after several picoseconds to tens of picoseconds, which is referred to as the
electron-phonon relaxation time. Because the pulse width of the nanosecond laser
is greater than the electron-phonon relaxation time, the subsequent process is heat
transportation.
With the rapid development of ultra-short pulse laser technology, the micro-
fabrication of the material has become an increasingly important topic. The ultra-
short pulsed laser ablation is a process containing many physical processes that
occur simultaneously. Achieving the temperature changes of electrons and lattices
by applying finite diﬀerence methods to a two-temperature model, means that a
further understanding of the ablation process can be obtained.
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3.3.1.2 Two-temperature model applied to femtosecond laser interac-
tion
The correlation between the temperature variation and the phonon-electron relax-
ation time[96, 97] is presented using the two-temperature model (TTM)[92–95].
In the event of a femtosecond laser pulse incident on the surface of the material,
certain intensity of the pulse primarily deposits into the material throughout the
depth. The energy absorbed is joined to electrons, which increases the electron
temperature in the interactions of femtosecond laser pulse and material. Subse-
quently, the hot electrons lose energy due to the connections with the cold lattice,
and integrate to an area of lower temperature. TTM can be adopted to illustrate
this electron lattice process, defining varied temperatures T for lattice and Te for
electrons within a -Si. In considering of conserving power within the a-Si radi-
ation mechanism, the numerical pattern reveals that the a-Si radiation mutual
response[98] is
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ρCL
∂T (X, T )
∂T
=
∂
∂X
[
kL
∂T (X, T )
∂x
]
+
3kBn(X, T )ρCL
3kBn(X, T ) + ρCL
Te(X, T )− T (X, T )
τE
,
(3.9a)
∂n(X, T )
∂T
=
∂
∂X
[
Dα
∂n(X, T )
∂X
]
+ αL
I(X, T )
hf
+ β
I(X, T )2
2hf
− n(X, T )
τR
, (3.9b)
∂Ue(X, T )
∂T
=
∂
∂X
[
Ue(X, T )
n(X, T )
Dα
∂n(X, T )
∂X
]
+
(
hf −Eg
hf
αL +
2hf −Eg
2hf
βI(X, T ) + αFCA
)
I(X, T )
+ Eg
n(X, T )
τR
− 3ρCLkBn(X, T )
3n(X, T )kB + ρCL
Te(X, T )− T (X, T )
τE
, (3.9c)
∂I(X, T )
∂X
= − (αL + βI(X, T ) + αFCA) I(X, T ), , (3.9d)
in which CL refers to the heat capacity of the lattice, kB refers to the Boltzmann
constant, τE is the electron-phonon relaxation time of the material, ρ refers to the
density of the material, αL refers to the linear absorption coeﬃcient, β refers to
the two-photon absorption coeﬃcient, Ue refers to the energy of electrons in state,
τR refers to energy recombination time, αFCA refers to the absorption coeﬃcient of
free electrons, Eg refers to the bandgap of energy states; kL refers to the thermal
conductivity of the lattice and n refers to the concentration of electrons.
On the right part of Equation 3.9a, the first term represents the heat transmit
from the lattice and the second term represents the exchange of energy between
lattice and plasma. In Equation 3.9b, the carrier concentration is expressed by the
diﬀusion, absorption and recombination caused by both of linear and two-photon.
On the right part of Equation 3.9c the 1st term represents the heat transmission
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from the lattice. The terms refer to the energy diﬀusion and the elevation in
electrons. Due to the addition of the energy of photons over the bandgap of
energy states, the Auger recombination and the absorption of the free electrons.
The 3rd term represents the conversion of the power of the plasma and the lattice.
Finally, Equation 3.9d refers to the attenuation of light intensity due to the linear,
the non-linear and the absorption of the electrons. The parameters used in the
equations are demonstrated in Table 3.1[99].
Table 3.1: Thermal properties and parameters of a-Si
Parameters Value
Thermal conductivity (W/m)
(1.3e-9)·(T − 900)3 + (1.3e− 7) · (T − 900)2
+(1e-4)·(T − 900) + 1
Energy gap (eV) 1.8
Specific heat (Jkg−1−1) 952+171/685
Melting temperature (K) 1420
Reflectivity 0.4
Melting latent heat (Jkg−1) 1320
Free electron absorption coeﬃcient 1e8
Linear absorption coeﬃcient 0.008
Two-photon absorption coeﬃcient 0.0074
The nonlinear partial diﬀerential equations from Equation 3.9a to Equation 3.9d
are used to solve the interaction process between a single femtosecond laser pulse
at the wavelength of 800 nm and pulsewidth of 80 fs and a-Si. The femtosecond
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laser uses a Gaussian beam expressed by:
I(t) = (φ/σ
√
2π)exp
(
−(t− t0)
2
2σ2
)
, (3.10)
in which φ refers to the power density of femtosecond laser pulse, σ is corresponding
to the laser pulsewidth τp as defined in: τp = 2
√
2ln2σ and t0 is the delay duration.
The initial condition is set to t0 = 5τp to avoid the influence of the starting point
of the femtosecond laser pulse. In the initial conditions, the temperatures of the
electrons and the lattice are set to 300 K and the concentration of the electrons
is set to 1.5×1012 cm−3. The Neumann conditions are utilised as the boundary
conditions in which the gradient of the electrons and lattice is considered 0 at
starting position L[100].
The partial diﬀerential equations (see Equation 3.9) are Stiﬀ Equations, which
can not be calculated using Rung-Kutta method. Numerical diﬀerential formulas
(NDFs) are used for calculation, resulting in better accuracy than 10−3. The
results are verified using unsynchronised length to ensure the convergence of the
calculation[101].
3.3.1.3 Simulation results
The temperature distribution of the electron and lattice on the distance and time
scale is shown in Figure 3.1, at a reference indicated femtosecond laser pulse with
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0.1 J/cm2.
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Figure 3.1: Temperature distribution of electron and lattice in the laser ablation
on a-Si.
As shown in Figure 3.1 (a), the temperature of free electrons raises rapidly to
around 18,300 K because of the absorption of the induced laser pulse. Simuta-
neously, the temperature of lattices shown in Figure 3.1 (b) increases much slower
than that of the electrons due to the greater quality. Then a temperature equilib-
rium between electrons and lattices is achieved. The temperatures of free electrons
and lattices remain the same at around 200 fs after a-Si:H is irradiated by a laser
pulse, as shown in Figure 3.1 (c). The electron-phonon relaxation time of 200 fs
indicates that the femtosecond laser writing process only induce the non-thermal
eﬀect.
To further study, the threshold Thm1 is defined as the minimum fluence for the
initiation of the melting Thm2 is defined as the minimum fluence required to com-
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plete melting on the surface[98]. As previously discussed, femtosecond laser in-
duced damage of a-Si consisting of thermal and cold ablation has been observed.
Normally, the energy that is transferred to the lattice via two mechanisms is likely
to increase and the total value should be identical to the energy required for melt-
ing. Therefore, considering energy conservation, the requirements of the thermal
and cold ablation for the initiation of the melting could be defined as Equation
3.11 and the completion of melting could be defined as Equation 3.12:
ρCL(Tm − T0) = ρCL(T − T0) + nE¯g, (3.11)
and
ρCL(Tm − T0) + Lm = ρCL(T − T0) + nE¯g, (3.12)
in which Tm represents the equivalent temperature at melting, E¯g represents the
value of a-Si energy gap for involving bandgap reduction owing to temperature and
plasma density and Lm represents the melting latent heat, T0 is defined as 300 K
and other symbols have the same definition as in previous equations. In reality, a-
Si does not have such bandgap as c-Si. In c-Si, the bandgap is the energy range in
which the density of the states allowed is zero. By contrast, a-Si has no such energy
range. There are defect states and tail states in the energy range, which have been
the forbidden energy range or the bandgap in c-Si. The defects in a-Si are bonding
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defects, due to broken bonds. Instead of a bandgap, a mobility gap in a-Si is used
to describe the diﬀerence in mobility between the localised defect states and the
band edge tail states. Compared to the bandgap of c-Si, the manoeuvrability
gap of a-Si is higher. In a-Si solar cells, the material is hydrogenated a-Si (a-
Si:H); its mobility gap increases as the hydrogen content increases and ranges
from 1.7 to 1.9 eV. Here, 1.7 eV at T0=300 K and approximately 0.9 eV at the
melting point are used. After reaching the melting point, the temperature can
be computationally increased to illustrate the thermal energy that is transported
from the incident radiation into the surface. If all the power transmitted into
the lattice becomes identical to the latent heating, the melting period is finished.
Relating the melting threshold Tha1, for regional melting, and Tha2, for finishing
the melting, is expressed as the lowest laser fluence to meet the Equation 3.11 and
3.12 on the illuminated surface.
The concentration of plasma and temperature are two important factors. The
1st term of the right portion of Equation 3.11 and 3.12 refers to the contribution
of the thermal eﬀect. The second refers to the non-thermal contribution. As to
the entire non-thermal melting, the two factors of bot concentration of plasma
and temperature of Equation 3.11 and 3.12 own a form similar to the situation
Eb=nEG proposed by Huber and Willmott[102], in which Eb represents the binding
energy of the crystal structure. To analyse the dependence of the threshold on
pulse duration, the findings are shown for the wavelength of 800 nm with the
diﬀerent pulsewidth from 50 fs to 200 fs. The corresponding threshold intensity
are only considered single incident femtosecond laser pulse. As demonstrated, the
following intensity values are correlated with the light intensity I of Equation 3.9a
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to Equation 3.9d by
F =
Iτp
1−R, (3.13)
in which R refers to the reflectivity. As shown in Figure 3.2, the relevant thresholds
Thm1 and Thm2 are 0.26 J/cm2 and 0.4 J/cm2.
Figure 3.2: The ablation threshold Thm1 and Thm2 of diﬀerent pulsewidth at the
wavelength of 800 nm.
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3.3.2 Heat transfer model
3.3.2.1 Basics of the heat transfer model
When heat is transferred from one part of a system to another or from one medium
to another, this is called heat conduction. Heat conduction is one of three basic
forms of heat transfer. Thermal conduction is a process by which molecular ther-
mal motions of huge amounts of substances collide to transfer energy from a por-
tion of an object with high temperature to a portion of low temperature portion,
or from an object with high temperature to an object with low temperature. In
solids, the microscopic process of heat conduction is performed in several steps.
In the portion with high temperature, the vibrational energy of the particles of
the material is large. Conversely, the vibration kinetic energy of particle in the
portion with low temperature is small. Because the vibration of the particles is
related to each other, the vibration of the particles occurs inside the material, and
the kinetic energy is transmitted from the portion in which the kinetic energy is
large to the portion with the small kinetic energy. The conduction of heat in a
solid is the migration of energy. In general, the energy of the lattice vibration is so
small that it is negligible, and free electrons play a decisive role in the conduction
of heat and energy transmission.
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3.3.2.2 Heat transfer model applied to femtosecond laser interaction
As shown in Figure 3.3 the laser beam moving along z direction heats the a-Si thin
film.
Figure 3.3: The schematic of femtosecond laser scribing of a-Si with moving
speed in x-direction representing the pulse overlap.
Eventually, the laser energy absorbed is transformed into heat. The phase change
and heat transfer of laser induced damage are applied to obtain the non-stable-
state temperature distribution[103–105]. Regardless of the gas dynamic and fluid
dynamic influences, the diﬀerent formula that presents temperature T(y, z, t) is
expressed as
ρTCT
∂T (y, z, t)
∂t
= kT
[
∂2T (y, z, t)
∂y2
+
∂2T (y, z, t)
∂z2
]
+Q(T, y, z, t), (3.14)
in which Q refers to the heat generation rate, ρ refers to the density of a-Si, C refers
to the heat capacity of a-Si and k refers the thermal conductivity. The original
temperature with no laser inducing is considered as the room temperature:
T (y, z, t) = Tenv, (3.15)
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There are varied boundary situations for the temperature between the heated layer
and other layers. Owing to the great heating flow gradients in the laser induced
damage, there is no heating loss with irradiation. Thus, the Neumann boundary
condition is applied at the boundary in which z = 0. These boundary conditions
can be defined as:
∂T (y, z, t)
∂z
|z=0= 0,
T (y, z, t) |z=thicknessofsample= Tenv,
(3.16)
3.3.2.3 The simulation results
Figure 3.4: Simulation results of laser scribing depth on a-Si layer with diﬀerent
laser fluence and overlap ratios. The laser pulsewidth is 80fs, the wavelength is
800 nm and the laser fluence is 0.8, 1.6, 2.8, 4 J/cm2
Based on the heat transformation principle that the heat is always transported
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from the part with high temperature to low temperature until the thermal equi-
librium, the computational result is achieved using the independent laser pulse
intensity in time domain. Large heat flow gradients enable the thermal attributes
of a-Si to depend on temperature. Hence, the approximate numerical result of
the nonlinear equation is obtained using the finite element method in ANASYS
simulation software. There are two important factors that define the quality of
the laser scribing process: the slot depth and width. The computational ablation
depth is given in Figure 3.4 to be the feature of pulse overlap, with a laser intensity
of 0.8, 1.6, 2.8 and 4 J/cm2.
3.4 Conclusion
In this chapter the theoretical study of femtosecond laser pulse interaction within
a-Si was demonstrated. A TTM was modified to investigate the temperature
change with the incident laser pulse. The laser fluence threshold is integrated with
given laser fluence and pulsewidth. A heat transfer model was established and the
simulation results of scribing depth of a-Si in diﬀerent conditions were obtained.
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Chapter 4
Laser Scribing of Amorphous
Silicon Thin Film
4.1 Introduction
In this chapter, the experimental setup for laser scribing is introduced. The setup
design is described and the parameters for the optical components are demon-
strated. The experimental results of laser scribing on the a-Si layer are presented.
The optimum laser scribing parameters are outlined after the comparison between
the results of diﬀerent femtosecond laser fluence and overlap ratios are discussed.
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4.2 Experimental setup
In this section, the experimental setup comprising the laser scribing system and
characterisation methods are demonstrated.
4.2.1 Laser scribing setup
The schematic diagram of the laser scribing system is shown in Figure 4.1. This ex-
perimental setup comprises a femtosecond laser, an attenuator, a beam expander,
a beam shutter, a beam splitter, a power meter, two dichroic mirrors, an objective,
the 3D translation stage with a controller, an illumination source, a convex lens,
a filter, a CCD and a computer.
In this system, a femtosecond laser is used to process the samples as a beam source.
The power of the laser beam is reduced by the attenuator. To more precisely tune
the laser power, an variable neutral density (ND) filter is placed directly behind the
attenuator. A beam expander containing a convex lens and a concave lens is used
to adjust the diameter of the laser beam. With the connection to a computer, a
mechanical shutter is designed to control the exposure duration of the laser beam.
A beam splitter is applied to split the laser beam into two beams. One is measured
by a power meter to monitor stability and another is used as the input laser which
is focused on the surface of the samples using a microscope objective with a high
numerical aperture (NA). The samples are placed on a 3D translation stage, which
moves precisely in XYZ directions that are controlled by the computer. A white
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Figure 4.1: Experimental laser scribing setup
light is used as a reference to monitor the fabrication process. Two dichroic lenses
are employed to reflect the beams and allow the reflected beams to pass through.
The reflected beam is accepted with a CCD after passing through a filter and the
fabrication process is monitored in real time.
Spitfire (see Figure 4.2) is an advanced Ti:sapphire amplifier system and an excel-
lent source for the most demanding ultrafast applications. In this system, the Mai
Tai ultrafast oscillator is used as the seed laser source. The output parameters of
Spitfire are shown in in Table 4.1.
The high-power lasers require precise control of the output energy. The attenuator
is a compact accessory that reliably maintains the high pulse energy of the pulsed
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Figure 4.2: Spitfire femtosecond laser
Laser Wavelength Pulse width Paverage Rrepetition
SpitFire 800 nm 80 fs 1 W 1 kHz
Table 4.1: Parameters of the femtosecond laser in the scribing system.
laser during production while maintaining the stable operation of the laser. The
attenuator provides the highest reproducibility of the laser fabrication. The atten-
uators typically work by absorbing light, such as sunglasses that absorb additional
light energy. The optical components of the variable laser beam attenuator con-
sists of a dielectric filter to compensate for the oﬀset of the beam and a neutral lens
which reduces the intensity of all wavelengths of light. In our setup an additional
neutral-density (ND) filter system is used to more precisely control the density of
input laser beam. The ND filter eﬀect is non-selective, which means it uniformly
reduces the light of various wavelengths. The ND filter system comprises a ND2
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filter (50% transmittance), a ND4 filter (25% transmittance), a ND8 filter (12.5%
transmittance) and a ND 16 filter (6.25% transmittance).
Objective Lens
Image Lens
Lfocal length=Li+ Lo
Di Do
θi/2
Figure 4.3: Galilean beam expander[108]
In this experimental system the Galilean telescope consists of one objective lens
with a positive focal length and one image lens with a negative focal length. This
is used as a laser beam expander in the scribing system. There is no focal point,
due to the distinction in the focal length of the two lenses. The short separation
between the two lenses takes into account a more consolidated design. The yield
image is erect and there is no need to add another lens for correction, as shown in
Figure 4.3.
In the expander design, the divergence of the output laser beam, which determines
the deviation from a superbly collimated beam source, depends on the diameters
of the input/output beams, as shown in Equation 4.1.
InputBeamDivergence(θi)
OutputBeamDivergence(θo)
=
OutputBeamDiameter(Do)
InputBeamDiameter(Di)
. (4.1)
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In terms of the Beam Divergences and Beam Diameters, the Magnifying Power
(MP) is expressed as demonstrated in Equation 4.2.
MP =
θi
θo
=
Do
Di
. (4.2)
Translating the conditions above, although the diameter of output beam (DO)
expands, the divergence of output beam (θO) reduces and vice versa. In this way,
if the beam expander is utilised as a beam minimiser, the diameter of laser beam
diminishes, despite the increment of the divergence of the laser. In this system, a
larger divergence angle is used to determine a smaller output beam[108].
The objective used in this experiment is the 100x Mitutoyo Plan Apo Infinity
Corrected Long WD Objective. The specifications are shown in Table 4.2.
Magnification Numerical aperture Working distance(mm)
100 × 0.90 6
Focal length (mm) Resolving power (µm) Depth of focus (µm)
2.0 0.4 0.6
Table 4.2: Specifications of the long working distance objective
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The 3D translation stage used in the experimental system is precisely controlled
by the software. The real experimental setup is shown in Figure 4.4, in which the
red line represents the path of laser beam.
Figure 4.4: Femtosecond laser scribing setup.
4.2.2 Characterisation method
In this experiment the characterisation methods uses a scanning electron micro-
scope (SEM), a 3D optical profiler and a power meter. An SEM is a modern
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research tool invented in 1965. In an SEM, the surface morphology is measured
by applying the imaging formed by the secondary electron signal. The sample is
scanned using an extremely narrow electron beam. The interaction between the
sample and the electron beam results in various eﬀects[110]. An enlarged image
containing the morphology information of the sample surface is produced. It is
recorded sequentially during the point-by-point scanning of the sample[111].
Figure 4.5: Carl Zeiss SUPRA 40 scanning electron microscope system[113].
There are many advantages to capturing an image using an SEM. An SEM has
extremely high magnification and it is continuously adjustable between 20 and 20
million times. The image obtained by an SEM has a large depth of field, a large
field of view and a 3D structure, which can be directly observed on an uneven
surface of a sample. The current SEM usually operates with an X-ray energy
spectrometer device, which simultaneously obtains the surface structure. Today,
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an SEM is a significantly helpful instrument for scientific research[112].
The manufacture of SEM relies on the interaction between the electrons and ob-
jects. In principle, an SEM is designed to scan the surface of a sample with a
well-focused electron beam. The beam exits diﬀerent eﬀects containing various
information of the objects with high energy. Through the acceptance, amplifica-
tion and display methods the surface morphology is obtained[114]. With exposure
by this electron beam, characteristic X-rays, Auger electrons, secondary electrons
and transmitted electrons, backscattered electrons, and visible, ultraviolet electro-
magnetic radiation in visible, ultraviolet and infrared regions are generated on the
excited area[115]. Simultaneously, the generation of electron-hole pairs, phonons
and plasma can be observed. The SEM system is composed of an electro-optical
system, signal collection and display system, a vacuum system and a power sys-
tem. The SEM used in the characterisation of the result of this experiment are
shown in Figure 4.5.
The 3D optical profiler is the latest instrument combining light, machine and
computer calculations based on the interference microscope. After the workpiece
is placed on the surface of the interference microscope and the interference fringes
are adjusted, the computer controls the control box to drive the phase shifter,
scans the interference fringes, receives it from the C-MOS and transmits it to the
computer[116]. After calculation and analysis using special software, the computer
screen displays 3D views, cross-sections and measured numerical results of the
workpiece surface, which can be printed or saved in a computer. The photoelectric
profiler consists of an optical interference microscope, a phase shifting device, a
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C-MOS receiver, a control box, and a computer as shown in Figure 4.6.
Figure 4.6: 3D optical profiler system.
The measurement principle of a optical profiler is that a beam of light is split
by a interferometer as a test beam and a reference beam. These two beams are
reflected to the surface of sample and recombine. A CCD with high resolution is
used to detect the interference pattern, which provides the height information of
the sample surface. The light path of optical profiler is shown in Figure 4.7.
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Figure 4.7: Light path of optical profiler.
A power meter is an instrument for measuring electric energy. The common power
meter consists of two components, which are a power sensor and a power indicator.
A power sensor, which is also called a power meter probe, converts an electrical
signal with high frequency into energy that is able to be directly detected. The
power indicator including a signal simplification, a signal transformation and a
display. The value of power can be read directly on the display. Between the
power sensor and the power indicator, there is a cable used for the connection. To
fulfill the requirements of the signals with diﬀerent frequencies, diﬀerent energy
levels and diﬀerent transmission structures, a power meter should be equipped
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with several power meter probes with diﬀerent functions.
The experimental results are characterised using SEM, 3D profiler and a power
meter t. The characterisations of the samples with diﬀerent scribing conditions are
compared and the optimum scribing conditions are preferred to the experimental
result with the best quality.
4.3 Comparison of the experimental results
As discussed in the Chapter 3, the laser scribing fluence threshold of cold ablation
for a-Si scribing with a femtosecond laser at 800 nm wavelength is approximately
0.4 J/cm2. The experimental results are performed with the diﬀerent laser flu-
ence at 0.8J/cm2, 1.6J/cm2, 2.8J/cm2 and 4J/cm2. The varied overlap ratio is
determined by the scribing speed in the fabrication. As shown in Figure 4.8 the
experimental results are measured using a 3D profiler.
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(a) 0.8J/cm2, 40% (b) 0.8J/cm2, 55% (c) 0.8J/cm2, 70% (d) 0.8J/cm2, 88%
(e) 1.6J/cm2, 40% (f) 1.6J/cm2, 55% (g) 1.6J/cm2, 70% (h) 1.6J/cm2, 88%
(i) 2.8J/cm2, 40% (j) 2.8J/cm2, 55% (k) 2.8J/cm2, 70% (l) 2.8J/cm2, 88%
(m) 4J/cm2, 40% (n) 4J/cm2, 55% (o) 4J/cm2, 70% (p) 4J/cm2, 88%
Figure 4.8: The laser scribing experimental results with diﬀerent laser fluence
(0.8 1.6, 2.4 and 4 J/cm2) and pulse overlaps (40%, 55%, 70% and 88%); the
groove from top left to bottom right is obtained by the femtosecond laser scribing
and the three parallel grooves are achieved from previous picosecond laser scribing
which can be ignored here.
The experimental results of the laser scribing depth which is expressed as a function
of pulse overlap ratio and laser fluence (see Figure 4.9). The laser fluence is 0.8
1.6, 2.4 and 4 J/cm2, respectively. The groove from top left to bottom right
is obtained by the femtosecond laser scribing and the three parallel grooves are
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achieved from previous picosecond laser scribing which can be ignored here. The
increment of the scribing depth occurs by raising the overlap ratio. There is a
small window in the overlap ratio at diﬀerent laser fluence, which could maintain
the scribing depth as the same as the depth of the a-Si layer. This means that the
laser scribing process removes the a-Si layer and leaves the TCO layer flawless,
with the laser fluence in those windows. When the overlap ratio of the laser pulses
are greater than those specific windows, there is damage to the TCO layer, due
to the ablation. The corresponding windows of overlap ratio, which could remove
the a-Si layer without damaging the TCO layer and glass substrate, are 94% to
95% for 0.8 J/ cm2, 90% to 91% for 1.6 J/ cm2, 84% to 85% for 2.8 J/ cm2 and
76% to 77% for 4 J/ cm2. From the curve, which presents the high laser fluence
at 4 J/ cm2, the depicted scribing depth is even larger than the thickness of both
the a-Si layer and the TCO layer, by increasing the laser pulse overlap ratio after
88%. This demonstrates the appearance of the removal of the glass substrate.
As shown in Figure 4.10, although the a-Si layer has been removed there are some
micro-cracks left that could potentially short circuit the divided modules. The
ridges on both sides of the grooves are created as a result of the thermal melting
and solidification, which are usually observed in ultrashort laser ablation with
high laser fluence. To characterise the scribing grooves, the 3D profiler, an SEM
and power meter are used. The 3D profiler could measure the scribing grooves
consisting of depth and width. The SEM results provide clear images of the a-Si
layer surface after the scribing process.
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Figure 4.9: Experimental results of laser scribing depth on the a-Si layer with
diﬀerent laser fluence and pulse overlap ratios. The laser pulsewidth is 80fs, the
wavelength is 800 nm, and the laser fluence is 0.8, 1.6, 2.8 and 4 J/cm2. The
dashed line is the thickness of the a-Si layer.
To further verify the scribing process, the a-Si layer is completely removed and no
micro-cracks remain in the slots that could create a short-circuit. The electrodes
of the power meter are connected to the approaching parts of the a-Si layers, which
are divided by the scribing process, as shown in Figure 4.11. If the results on the
power meter are 0, that means the a-Si layer has been successfully divided into two
individual parts without connection. Checking the quality of the scribing grooves,
at the laser fluence of 2.8 J/cm2 and the overlap ratio of 88%, there are no obvious
micro-cracks left after scribing and the ridge size is ! 0.1 µm. Therefore, for the
laser scribing process of a-Si layer, the laser fluence at 2.8 J/cm2 and the overlap
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ratio of 88% are the optimum scribing parameters.
Figure 4.10: The micro-cracks left on the a-Si layer after scribing with femtosec-
ond laser beams.
With the comparison between the experimental results of laser scribing on a-Si thin
film the, optimum parameters are the laser fluence at 2.8 J/cm2, the overlap at
88% and the linewidth of the corresponding scribing groove is 967 nm, as shown in
Figure 4.12 (a) and (b). As shown in Figure 4.12 (c), the experimental result curve
of the scribing groove could fit with the computational curve, which is generated
by a Gaussian shape based on the simulated linewidth and depth. Because the
ablation process consists of both thermal and non-thermal ablation, the width of
the experimental result demonstrates the increments of the simulated result.
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Figure 4.11: A power meter is connected to two divided parts of the a-Si layer
for the characterisation.
As introduced in Chapter 2, the fabrication process of a-Si solar cells contains
P1, P2 and P3. The essence of the process is the removal of the layers. The
result of the experiment demonstrates that the a:Si layer can be removed using
the femtosecond laser scribing and the scribing slots are significantly narrower
and cleaner than the current industry product. This proves that femtosecond
laser scribing is a promising path in a-Si solar cell fabrication, due to the rapid
development of ultra-short laser pulse technology. The improvement of the working
eﬃciency of solar cells is the ultimate goal for applying femtosecond laser scribing.
The following section discusses the potential improvements that could be made to
solar cell eﬃciency.
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Figure 4.12: Experimental results after the femtosecond laser scribing process by
measuring with (a) the scanning electron microscope and (b) the 3D profiler. (c)
is the measured and computational height profile of the scribed groove.
4.4 Potential improvement to solar cell eﬃciency
To implement the femtosecond laser fabrication in solar cells, the primary goal is
to decrease the dead zone, which could lead to improvement in solar cell eﬃciency.
As discussed in Chapter 2, the solar cells are divided into many small solar modules
using laser scribing and connected series. In the fabrication process, the dead zone
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is defined as the area between the three scribing slots. The length of each solar
module is approximately 5 mm and the size of the dead zone is approximately
500 µm, which means that all the remaining areas are working towards electricity
generation, as shown in Figure 4.13.
Back Contact
Absorber
Front Contact
Dead Zone
500 μm
solar module
5mm
Figure 4.13: Schematic diagram of small solar cell module.
Femtosecond laser scribing has the potential to decrease the linewidth from 50
µm to 1 µm. Because the P2 and P3 processes are the removal of the a-Si layer,
the corresponding dead zone could be decreased from 500 µm to approximately
400 µm with the same distance between the scribing slots. The decrement of the
dead zone leads to an increase in the eﬃcient working area by 1% from (50 mm-
500 µm)/50 mm to (50 mm-400 µm)/50 mm. This increment only considers the
decrement in size of the scribing slots. If the width between the P1, P2 and P3
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slots is taken into consideration, the reduced scribing linewidth could potentially
decrease, with further enhancement of solar cell eﬃciency. The increase in solar
cell eﬃciency appears marginal; however, a 1% increase in eﬃciency results in a
6% decrease in cost for the industry. The greatest market of a-Si thin film solar
cells is over 1.5 billion around the world, which equates to considerable material
savings and energy production.
There are still some limitations of femtosecond laser scribing in the industrial
manufacturing of a-Si thin film solar cells, such as the scribing speed. In the laser
scribing process, the laser pulse overlap ratio Or is expressed in Equation 4.3,
Or =
w · Rr
s
, (4.3)
in which w is the spot diameter, Rr is the repetition rate of laser and s is the
scribing speed. According to the optimum condition of laser scribing introduced
previously, the femtosecond laser scribing speed is approximately 1-1.5 mm/s. The
current scribing speed in industrial manufacturing is about 50-120 mm/s. To apply
the femtosecond laser scribing in manufacturing the scribing speed is still a big
challenge.
Based on current PV technology, applying femtosecond laser scribing to solar cells
fabrication could significantly increase solar cell eﬃciency. However, several chal-
lenges remain. Discovering the solutions to applying it in real production fabrica-
tion is the goal of future research.
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4.5 Conclusion
This chapter first demonstrated the experimental setup for laser scribing. This ex-
perimental setup consists of a femtosecond laser, an attenuator, a beam expander,
a beam shutter, a beam splitter, a power meter, two dichroic mirrors, an objective,
the 3D translation stage with a controller, an illumination source, a convex lens,
a filter, a CCD and a computer. The characterisation methods are introduced,
including the SEM, 3D optical profiler and power meter.
The experimental results of laser scribing on a-Si are compared to the character-
isation methods. The comparison of the laser scribing parameters of fluence at
2.8 J/cm2 and the overlap ratio of laser pulses at 85% are the optimum scribing
conditions with a corresponding linewidth of 967 nm. The potential increase in
solar cell eﬃciency is approximately 1%, which is achieved by applying femtosec-
ond laser scribing to the fabrication process. There remain challenges to employ
this process, such as the integration of production line. Resolving those challenge
and applying the femtosecond laser technology in real solar cells fabrication is the
aim of future research.
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Chapter 5
Amorphous Silicon based
Holography
5.1 Introduction
The limitations introduced in the literature review oﬀer the motivation to explore
the diversity of holographic technology. Compared to novel holographic materials,
such as meta-surface materials, a-Si can be fabricated with a considerably larger
area for holographic applications. The holograms which are thicker than those
that are meta-based have the advantage of being broadband. These advantages
make a-Si an promising and interesting material for holographic display.
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In this chapter, computer-generated holograms are introduced first. With this in-
troduction, a-Si is an attractive material for holographic display. The following
section introduces phase modulation. To explore the optimum fabrication param-
eters the experimental result of grating is revealed. Finally, the design of the
hologram pattern is illustrated with the corresponding holographic image.
5.2 Computer-generated digital holograms
5.2.1 Introduction of computer-generated digital holograms
In 1966, A.W Lohmann proposed a technique for generating a full-image film
not by recording optical interference fringes, but using computing to generate
a full image. This method was called Computer-Generated-Holography (CGH)
[117, 118]. CGH is the pathway to generate the holographic interference patterns
digitally. The calculated holographic interference pattern is printed onto a mask
for subsequent illumination by a coherent light source. CGH is widely used in 3D
information measurement, recording, encryption and image recognition. CGH is
based on the computer’s ability to use a Fast-Fourier-transform (FFT) algorithm
to calculate the Fourier image of a 2D image quickly and eﬃciently. As the inter-
ference of the light is not considered in the calculation, there is no angle between
the reconstructed image and the corresponding light, as shown in Figure 5.1.
A computer-generated hologram can record all of the information about an object
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Lens
reconstruction
image
CGH
light
Figure 5.1: Image reconstructed using a computer-generated hologram.
or light wave and the real existence of a virtual object. The reproduced image has a
physical depth of field eﬀect and can be viewed by the naked eye; thus. possessing
great flexibility and unique advantages. After the computer was introduced into
the field of optical processing, many optical phenomena were simulated. The holo-
graphic display is the only reproduction of the amplitude and phase information
of the original object, as if viewing a real object or scene. Similar to the diﬀused
light field, the holographic display provides all of the 3D information required by
the human eye, so this technology is considered the ideal 3D display method.
CGH 3D display technology is the most promising 3D display technology to the
naked eye that has been developed in recent years. This has been achieved by
combining holography, optoelectronic technology and high-speed computing tech-
nology. Compared to traditional optical holography, CGH avoids the limitation
of recording the optical path holographically, and can perform hologram calcu-
lation on 3D data obtained by other means or with an artificially produced 3D
model, which is flexible and reproducible. 3D display is a visualisation process that
records, processes, and reproduces 3D information that is inherent to an object.
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Compared to optical holography, CGH has significant advantages. Optical holog-
raphy requires high sensitivity for recording media. Complicated manufacturing
processes increase uncontrollable factors that aﬀect imaging. CGH can mathe-
matically simulate optical holography without introducing aberrations and noise.
The complex amplitude distribution of the object field can be calculated, anal-
ysed and compared, significantly improving precision and flexibility. CGH can be
directly stored, transferred or simulated. Optical holography has strict require-
ments of the light source used and the experimental conditions for forming the
beam are key to the process. In CGH method, this limitation is deviated, and the
recording and reproduction of the hologram under various light source conditions
are realised. Objectives that do or do not exist in real life can be produced and
displayed through CGH, expanding the scope of application.
5.2.2 Classifications of computer-generated digital holo-
grams
With the development of CGH, many methods of CGH have been invented, which
are similar in principle and applied to diﬀerent occasions. The first method is sim-
ilar to ordinary optical holography. This method can be divided into computer-
generated image holography, computer-generated Fourier transform holography
and computer-generated Fresnel holography, according to the relative position of
the 3D object and the calculated overall coordinate position. The second category
is classified according to the nature of the hologram transmittance function distri-
bution and is divided into two types: amplitude modulation and phase modulation.
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In these two categories, it can be subdivided into binary CGH and gray level CGH
according to the characteristics of transmission variation. For amplitude modu-
lation gray level calculation holograms, the amplitude transmission has only two
values: 0 and 1. This is an amplitude modulation CGH that can be drawn using an
ordinary plotter and is widely used due to its sound ability for anti-interference.
The phase calculation hologram does not attenuate the energy of the light; the
diﬀraction eﬃciency and the hologram quality is significantly higher.
The third category is distinguished according to the coding technique used in CGH
and is roughly classified into a detour phase calculation hologram, phase diagram,
modified oﬀ-axis reference light calculation hologram and CGH interferogram. A
detour phase hologram is obtained by shifting the amplitude of the light wave
by the transmittance or opening area of the small unit on the hologram. The
position of the rectangular hole is used to encode the phase of the object light
wave. It is not essential for the entire recording process to refer to the light
wave or to add to the oﬀset component. The modified oﬀ-axis reference beam
hologram simulates the optical conversion of the optical oﬀ-axis holography on a
computer and realises the superposition of the virtual oﬀ-axis reference light and
the complex amplitude distribution of the optical wave through transformation and
calculation. The encoding must only change the complex amplitude distribution
on the hologram plane to the intensity distribution at each sampling point of the
hologram with the gray scale change or the aperture area, eliminating the phase
encoding. According to the diﬀerence in the oﬀset component, it can be subdivided
into the Boqi encoding method and Huang encoding method[121].
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5.2.3 Phase modulation in phase modulation holography
As previously discussed, holograms can be classified into two types, amplitude
shifting and phase shifting. Each type changes the amplitude or phase of the illu-
mination light according to the intensity of the recorded light or the holographic
interference pattern. For some materials, the modulus of transmittance is approx-
imately equal to 1, which means that only the phase is modulated by the intensity
of the interference pattern generated by the object beam and reference beam.
The phase-shifting can be achieved either by changing either the refractive index
or changing the depth of the material with phase gratings. This project worked
on the phase-modulated digital hologram by depth change. This is diﬀerent from
other computer-generated digital holograms, as the phase-shifting digital hologram
only encodes the phase information of the object light wave. The phase-shifting
digital hologram has high diﬀraction eﬃciency and can reproduce a single image
coaxially. It is an ideal component for light wave reconstruction. With the rapid
development of micro-machining technology, due to its full transparency and the
remarkable characteristics of the surface relief structure, the reconstruction has
considerable advantages in the replication processing of components and is be-
coming increasingly attractive. Figure 5.2 demonstrates a schematic diagram of
the diﬀraction analysis.
The object light on the recording plane can be written as shown in Equation
5.1[120],
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Figure 5.2: Schematic diagram of the diﬀraction analysis[121].
f(x, y) = a(x, y)exp [iϕ(x, y)] . (5.1)
The phase-modulation CGH is diﬀerent from other types, as by controlling the
depth diﬀerence of the recording medium, changing the optical thickness to modu-
late the phase distribution of the incident light and reproducing the original object
light wavefront[121]. As shown in Figure 5.2, according to the mathematical model
based on diﬀracted light filed and Fresnel-Kirchhoﬀ’s diﬀraction formula[122, 123],
the expression of a plane wave incident is shown in Equation 5.2:
g0(x, y) = exp [ik(xcosα + ysinβ)] , (5.2)
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in which α and β are the angles between the incident beam and x/y plane. The
complex amplitude transmittance of the diﬀractive optical element is expressed as:
t(x, y) = exp [iϕ(x, y)] , (5.3)
in which ϕ(x, y) represents the phase distribution.
p
p’
x x’
d
α
λ
0
Z
d
Z
Figure 5.3: Relation between the direction of light propagation and spatial period.
Figure 5.3 demonstrates the propagation of a single ray with wavelength λ in the
x-z plane. The angle between the ray and x-axis is α. The dashed line represents
the wavefronts of the light field. According to the wavefronts, the spatial period
of the light field in x-axis is λ0. The distance between the object plane and the
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phase-shifting digital hologram is d, which satisfies the following relationship with
the diﬀraction distance zd in x-axis shown in Equation 5.4,
λ0 =
λ
cosα
=
λ
sin(π2− α) ≈
dλ˙
zd
, (5.4)
thus, the diﬀraction distance zd can be expressed as
zd =
d · λ
λ0
. (5.5)
When λ0=λ, it is found that zd=d. The sampling internal of phase-shifting digital
hologram, the interval size of the output lane and the diﬀraction distance, the
wavelength of the incident beam, and the numbers of the sampling points K and
L of the reconstruction image in the two diﬀerenct directions (ε and ξ) satisfy
Equation 5.6[124, 125].
⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩
∆ε ·∆x = zd·λ
K
∆ξ ·∆y = zd·λ
L
(5.6)
Thus the phase distribution ϕ(x, y) can be obtained by calculating Equation 5.1
and Equation 5.6. The phase distribution of the object beam wavefront after mul-
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tiple iterations is the phase distribution of the designed phase-shifting computer-
generated digital hologram. If the refractive index of the recording material is n,
the path diﬀerent and phase is expressed as
∆ =
ϕ
k
=
ϕ · λ
2π
= (n− 1) d. (5.7)
Thus, the depth of the surface structure on the recording material dep can be
expressed as shown in Equation 5.8[119],
dep =
ϕ · λ
2π · (n− 1) . (5.8)
ϕ is the phase diﬀerent in hologram and it is equal to π in the binary digital
hologram. Then the corresponding depth d in binary hologram can be expressed
as
dep =
λ
2 (n− 1) . (5.9)
5.3 Generation of binary phase-only holograms
Binary phase-only hologram generation consists of three steps:
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• Sampling: to obtain the value of the object or wavefront on the discrete sample.
• Calculating: to calculate the distribution of optical intensity on the holographic
plane.
• Encoding: to encode the complex amplitude distribution on the holographic
plane into the hologram rate change.
5.3.1 Sampling
The first step includes sampling the input image and hologram. The signals of
the input image and the holographic image are continuous. The computer can
only process discrete data, so it is necessary to discretise the object light and the
holographic image, that is, the sampling process[126]. It can be known from the
transfer invariance of the spatial bandwidth product that the spatial bandwidth
product SW on the hologram plane should be equal to that of the object. That is,
the number of samples (i.e., resolvable cells) on the hologram is equal to, or larger
than, that of the samples of the input image. As such, the total number of sample
points on the input image should be the same as that on the hologram plane, in
which N = (∆x · ∆v)2, (∆x)2 represents the area of the input image and (∆v)2
represents the band area.
Since the imaging system is a low-pass filter, the highest frequency at which the
image is transmitted is limited, and there is a cutoﬀ frequency, so the resulting
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image can be approximated as a band-limited, and the bandwidth of the input
image can be approximately presented by the cutoﬀ frequency of the optical chan-
nel of the receiver. In general, images stored in a computer in a picture format
are already discrete data after image sampling. We only need to know the size
of the image and its spatial bandwidth product, so that the sampling interval of
the original image and the sampling interval of the hologram can be converted.
Therefore, images stored in image format generally do not need to be sampled. If
the image is stored in other continuous format, the image needs to be sampled.
5.3.2 Calculation
The process of calculating the hologram of an image includes a calculation the
complex amplitude distribution on the holographic plane by using the laws of
physics, and computer simulation of light propagation, diﬀraction, and interference
to obtain a complex amplitude distribution on the holographic plane[127]. In
the specific calculation, the Fourier transform and the Fresnel diﬀraction formula
are often used. The classical scalar wave diﬀraction theory is used in computer
holography. This theory treats light waves as scalar waves and can explain the
holographic process well.
The formulas involved in the theories are generally continuous. To apply these
theories, computers must discretise the input intensity, output intensity, and for-
mula. Discretisation of input and output is achieved by the previous sampling
method. Discretisation of formulas is a concern for numerical calculations. How-
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ever, the discretised formula is not completely equivalent to the original formula.
Computer-made holograms often require the Fourier transform algorithm, where
Fast Fourier transform (FFT) is usually used in the calculation[128].
5.3.3 Encoding
Since the previous calculation is only the complex amplitude distribution on the
holographic plane. Actual holograms contains generally a distribution of trans-
mittance (amplitude), a distribution of refractive index (phase), and a thickness
distribution (phase)[129]. The parameters involved in these distributions are all
positive real numbers, so the complex amplitude of the complex number must be
transformed to the corresponding positive real number parameter, which is the
encoding process.
The encoding method is based on the Detour phase eﬀect. As shown in Figure 5.4
Detour phase eﬀect is the diﬀraction eﬀect of the irregular grating. Regarding a
regular binary grating with a grating period of d−g, the path diﬀerence of the two
adjacent beams diﬀracted to a certain level of the grating is L = (cos b−cos a) ·dg.
If a stripe of the grating is displaced by p, as shown in Figure 5.4 (b), the path
diﬀerence at that point becomes L
′
= (cos b − cos a) · (dg + p), and the path
diﬀerence is increased L
′
-L. In combination with the grating equation, there is
a phase change at the change of the fringes 2π p
dg
. This additional phase is the
Detour phase. It can be seen that the meandering phase and the wavelength
are independent on the incident angle of the light, only related to the diﬀraction
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order, the grating constant, and the additional displacement. The control of the
wavefront can be achieved by using the roundabout phase eﬀect to control the
additional displacement of the fringes.
d
g d
g
d+p
a b a b
incident beam
diffraction beam
at M order incident beam
diffraction beam
at M order
(a) (b)
Figure 5.4: Detour phase eﬀect with arbitrary incidence[130].
With the previous calculating step, a discrete complex amplitude distribution on
the holographic plane can be obtained. As shown in Figure 5.5 each discrete point
is treated as a hologram. The width an height of the pixel unit are du and dv with
the interval sampling. There is a rectangular hole with a width W and height H in
each pixel. The centre of the rectangular hole in the horizontal direction is oﬀset
from the centre of the pixel by a distance P, however the centres in the vertical
direction is placed at the same height. Except for the inside of the rectangular
hole, the rest part of the pixel is not transparent. According to Detour phase
eﬀect, each rectangular hole is regarded as a stripe, and the absolute intensity of
the complex amplitude is modulated by the area of the rectangular hole , and the
complex phase is modulated by the position of the rectangular hole. This is the
basic principle of the encoding of hologram.
100
CHAPTER 5. AMORPHOUS SILICON BASED HOLOGRAPHY
H
W
du
dv
P
Figure 5.5: Schematic diagram of the basic principle of the encoding.
In this project the Debye coding is used to encode the hologram based on the
Detour phase eﬀect. The Matlab codings and programs can be found in the Ap-
pendix.
5.3.4 Generated binary digital hologram
At first a binary phase-only hologram is calculated, based on the original input
image which is shown in Figure 5.6.
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Figure 5.6: The original image of the holographic experiment
After sampling, calculating and encoding processes, the process of plotting the
hologram pattern into a picture is called mapping. The hologram pattern calcu-
lated with Matlab coding is shown in Figure 5.7 (a). The hologram reconstruction
is not only related to the recording optical path of the hologram recording process,
but also to the specific physical setup of the reconstruction process. A hologram
with lens recording uses a lensless optical path reconstruction method so that any
broad wave function containing object light information is freely propagated in
space during imaging[132]. This not only avoids the aberrations easily caused by
lens imaging, but also selects the position or size of the image as required, and
obtains additional flexibility in use. A lens with low numerical aperture is taken
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(a) Binary hologram pattern (b) Binary hologram pattern with a
lens design
Figure 5.7: The binary hologram patterns generated by coding with MATLAB
in consideration in our design and the corresponding hologram pattern is shown
in Figure 5.7 (b).
The physical process of hologram reconstruction is the diﬀraction which makes
the hologram as the diﬀraction screen. The general method of reconstruction is to
obtain a real image symmetrical to the optical axis of the system on the image focal
plane of the convex lens based on the Fourier transform property of the lens. The
simulated binary holographic image is shown in Figure 5.8. With this simulated
holographic image the parameter in the encoding can be corrected to generate the
hologram with appropriate result.
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Figure 5.8: The simulated reconstruction image
5.4 Fabrication of hologram pattern
5.4.1 Fabrication method
Photonic Professional GT from Nanoscribe GmbH is used as a 3D direct laser writ-
ing system for fabricating the hologram pattern on a-Si thin film in our experiment.
The Photonic Professional GT system is shown in Figure 5.9[131]. The basic of
the Photonic Professional GT femtosecond laser writing system is the laser pulse
interaction with the material. This system is famous for combining two-photon
polymerisation and straightforward 3D printing. However, in our experiment the
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working principle is based on the laser ablation because of the absorption of a-Si
with the femtosecond laser pulse at 800 nm.
In Photonic Professional GT, the focal point of the objective is constant, and the
displacement is controlled precisely by controlling the movement of the sample
stage. The ablation occurs when the material is irradiated by the laser beam. It
is the characteristics of this point-by-point processing that enables femtosecond
laser direct writing technology to have higher printing accuracy.
Figure 5.9: Photonic Professional GT system from Nanoscribe GmbH[131]
5.4.2 Hologram fabrication process
DeScribe is software that prepares for printing of Photonic Professional 3D printer.
Load 3D model in STL file format widely used for 3D printing and display preview
of design. The fabrication process consists of three steps:
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• Preparation: Preparation for print job is feasible using STL format files and
recipe. Recipes contain drawing parameters such as layer spacing and printing
speed. The input file transfers to GWL format which can be used by the nanoprint-
ing system.
As shown in Figure 5.10 the input image is loaded with DeScribe modelling soft-
ware. The fabrication size is set with the absolute value of axis.
Figure 5.10: Load the image and set the area
Then the image is hatching with choosing the fabrication slice as shown in Figure
5.11. In the binary hologram the number of slices is set to 2 and the distance is
corresponding to the depth of each slice.
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Figure 5.11: Hatching of the image
After hatching an output image is ready to plot. As shown in Figure 5.12 the scan
mode and path can be chose from this step.
Figure 5.12: Output options of hologram
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The output image is obtained with the calculation and from the 3D preview of
Figure 5.13 it can be seen the predictable structure of the sample.
Figure 5.13: The output image and 3D structural preview
• Production: The production process is to fabricate the nano-printing. With
adjusting the fabrication parameters the fabrication process can be precisely con-
trolled.
• Post Processing: After the fabrication, the fabricated samples are cleaned and
characterised.
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5.5 Characteristics of a holographic image
In this section, the characterisation of the samples processed by femtosecond laser
ablation is demonstrated.
5.5.1 Characterisation methods
To characterise the samples, a 3D profiler is used to measure the depth of the
phase gratings. An experimental setup (see Figure 5.14) is designed to record the
holographic image. A laser beam with wavelength at 561 nm is employed as the
beam source. A 1/2 wave plate, two polarisers, a filter and a pinhole are designed
to adjust the incident laser beam to expose the hologram pattern. A full colour
CCD with high resolution is placed at a certain angle to capture the holographic
image. Optimum imaging quality is obtained by adjusting the laser beam intensity
using a filter.
Conversion eﬃciency is an important factor for identifying the quality of the holo-
gram. Conversion eﬃciency is defined as the ratio of the optical intensity of the
first-order reconstruction holographic image and the input laser power[134]. An
optical power meter is used to measure the conversion eﬃciency of the record-
ing holographic image. The intensity of the incident laser beam is first measured
using the optical power meter. To obtain the optimum holographic image, the
optical power meter is placed at the same plane as the CCD. The intensity of the
holographic image is subsequently measured.
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Figure 5.14: The recording setup of the holographic image with the red line rep-
resenting the path of laser beam
5.5.2 Characteristics of experimental results
5.5.2.1 Phase gratings
In the holographic experiment, the first step is to determine the laser intensity of
the fabrication. The relationship between phase-shifting with laser writing depth,
refractive index and input laser wavelength is introduced in Equation 5.10:
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ϕ =
2π (n− 1) · dep
λb
, (5.10)
where ϕ refers to the phase-shifting, n refers to the coeﬃcient of refractive index,
dep refers to laser writing depth and λb refers to the wavelength of the recording
laser beam. The optical images of gratings on a-Si thin films fabricated with
diﬀerent input laser intensities are shown in Figure 5.15.
Figure 5.15: Optical images of gratings on a-Si thin film at diﬀerent laser inten-
sities.
Because in the binary hologram Φ is π, the corresponding laser writing depth
of a-Si thin film is 100 nm to the input laser wavelength at 561 nm. With the
measurements of the laser writing depth the laser modulation strength as a function
of the pulse fluence of the femtosecond laser beam is shown in Figure 5.16. The
corresponding laser fluence is 0.18 J/cm2 .
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Figure 5.16: Phase modulation expressed in terms of femtosecond laser pulse
fluence. The black dots are experimental results and the red curve is the guide for
eyes.
5.5.2.2 Holographic image
The area of the fabricated hologram is 2 mm * 2 mm and the number of pixels
is 1000 * 1000. The phase-only binary hologram is created, as phase shift exists
between the area with and without laser writing. The written hologram pattern
on a-Si thin film is shown in Figure 5.17.
With the reconstruction of wavefronts of light with the phase information the
binary holographic images can be generated[133]. The holographic images with a
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Figure 5.17: Scanning electron microscope image of a laser written hologram
pattern. The scale bar is 50 µm.
projection angle which is approximately 15◦, can be captured using a full colour
CCD with an incident laser beam at a wavelength of 561 nm. The captured binary
holographic images are shown in Figure 5.18. The measured conversion eﬃciency
is approximately 0.82%. In comparison the eﬃciency of the a-Si based hologram
is considerable smaller than the reported dielectric metasurface holograms with
silicon resonators, which is from 75% to 93%[135]. There are many diﬀerent reasons
causes for the low conversion eﬃciency. One of the most important reasons is that
the light absorption of a-Si is higher than the dielectric metasurface. Further,
more noise occurs in the binary hologram compared to multiple-level holograms.
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(a)
(b)
Figure 5.18: Holographic image captured by illuminating the holograms using
561 nm continuous laser beam. (a) First-order top image. (b) First-order bottom
image.
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5.6 Conclusion
In this chapter, the basic methodology of CGH are demonstrated. The larger
fabrication area and board band achievement make a-Si a promising material for
creating holograms. The generation processes of binary digital holograms consist of
sampling, calculating, encoding and mapping, which are illustrated in the following
section.
To explore the hologram fabrication parameters the experimental results of grat-
ings with diﬀerent input laser intensity on a-Si thin film are shown. The calculated
hologram is depicted using MATLAB and the binary holographic image.
The hologram pattern is printed using the direct laser writing and the holographic
image captured by a CCD is demonstrated. Conversion eﬃciency is measured
using an optical power meter, which is approximately 0.82%.
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Conclusions and future work
In this chapter, the conclusions of the research project are outlined. The femtosec-
ond laser pulse interaction with a-Si thin film is theoretically investigated. The
femtosecond laser scribing experiment applied to a-Si thin film and the binary
holographic images based on a-Si are realised using direct femtosecond laser writ-
ing. Subsequently, the future research direction is demonstrated. The femtosecond
laser scribing process consisting of P1, P2 and P3 in the solar cell fabrication is
important. Research into a-Si based multi-level holograms and the relationship be-
tween depth and refractive index change after multi-time laser writing is of great
significance.
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6.1 Conclusions
As a semiconductor with direct bandgap, a-Si has many dangles in structure,
which means the electrons do not bond with the surrounding silicon atoms. These
electrons can directly generate current in the electrical field without the need for
phonons. Thus a-Si layer can be made very thin and the corresponding cost is
significantly reduced. The absorption coeﬃcient of a-Si near the solar radiation
peak is one order of magnitude higher than that of c-Si. The bandgap, which is 1.7-
1.8 eV and the mobility and minority carrier lifetimes which are much lower than
c-Si, make a-Si useful as a field eﬀect transistor, integrated inverter and integrated
sensor as a non-linear device. Currently, the application of a-Si is developing
quickly, with femtosecond laser fabrication technology especially growing. It is
believed that a-Si will be applied to more innovative photonic devices in the future.
To study the femtosecond laser interaction within a-Si, a TTM was used that con-
sisted of the incremental temperature of lattice, carrier energy and the attenuation
of laser intensity. The electron-phonon relaxation coupling duration, which is from
190 to 220 fs, was obtained from this numerical model. The laser fluence threshold
of the melting process was also studied. The minimum laser fluence required for
a-Si to raise the temperature for evaporation is 0.41 J/cm2. The fluence threshold
of cold ablation is 0.49 J/cm2 when the wavelength of the incident laser beam
is 800 nm and the pulsewidth is 80 fs. A numerical model based on heat trans-
fer equations was also used to evaluate the geometry size of the scribing grooves.
The depths and widths of the scribing grooves are described as functions of the
corresponding laser fluences and overlaps of the laser pulses.
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As a significant technology for PV applications, the low cost of materials for a-Si
thin film solar cells is a remarkable advantage. In industry, solar cell modules
are scribed into small cell modules using a nanosecond laser and are connected
in series to increase the photo-generated voltage. This project investigated the
laser scribing process of a-Si layers. Compared to the nanosecond laser, which is
the most commonly employed in the global production of solar cell fabrication,
femtosecond lasers have advantages that decrease the scribing linewidth, which
could lead to an increase in the eﬃcient area for current generation on solar cell
modules. Thus, the expected solar cell eﬃciency is an improvement, compared to
the current production. To process the laser scribing in the fabrication of a-Si thin-
film solar cells, an experimental setup was built that consisted of a femtosecond
laser source, attenuator, polariser, beam expander system, long working distance
objective and XYZ translation stage. The experimental results demonstrate a
good agreement with the computational results. The optimal result of the scribing
linewidth is 967 nm when the laser fluence is 2.8 J/cm2 and the overlap ratio is
88%. Theoretically, compared to 55 µm, which is the linewidth of the industry
production, solar cell eﬃciency has improved by 1% to 1.5%, as more area is used
to generate electricity.
The holographic display records the wavefronts emitted by an objection and then
creates a virtual image. The holographic technology is the result of a combination
of computer technology, holographic technology and electronic imaging technology.
It records the hologram through electronic components, omitting the post-chemical
processing of the image, saving considerable time and realising the real time pro-
cessing of the image. Simultaneously, it can perform quantitative analysis of digital
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images using a computer, calculate the intensity and phase distribution of the im-
age and simulate the superposition of multiple holograms. Compared to ordinary
photography techniques, holographic technology records more information so that
the capacity is larger than a normal photo. The display of the holographic image
is illuminated by a light source on the hologram. The frequency and direction of
the light source are exactly the same as the reference beam, and the stereoscopic
image of the object can be reproduced.
For holographic technology a-Si is a promising material. To explore the a-Si base
holographic the gratings fabricated with diﬀerent laser fluence are first studied.
The corresponding laser fluence is 0.18 J/cm2 using 561 nm input laser beams.
The hologram pattern is obtained using MATLAB and printed on a-Si thin film
using direct laser writing. The generated holographic image can be captured by a
full colour CCD and the measured conversion eﬃciency is 0.82%.
In conclusion, a femtosecond laser was studied as the laser source for processing a-
Si thin film. The narrow and clean scribing grooves resulted in higher eﬃciency of
a-Si thin film solar cells than expected. The holographic images based on a-Si thin
film were captured by illuminating the hologram pattern using 561 nm continuous
wave laser beams.
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6.2 Future work
The research outcomes demonstrated in this thesis could be extended. First, it
is important to implement the laser scribing process in the a-Si thin film solar
cells to achieve improvement in solar cell eﬃciency. Further, the four-level digital
hologram is attractive for investigating a-Si.
6.2.1 Realisation of the laser scribing process
One of the main driven forces motivating photovoltaic research is the need to
reduce the manufacturing costs of solar cell technology. The result of this work
demonstrates the increased eﬃciency that results from using more area on a single
solar cell module to produce electricity. As a next step, it is important to measure
the eﬃciency of solar cells to discover how much improvement can be achieved
using a femtosecond laser compared to a nanosecond laser, which has always been
used in production until now.
Working eﬃciency is an important factor indicating the characteristics of solar
cells. A step further for investigating how to improve eﬃciency would be to develop
a laser scribing process that combines P1, P2 and P3 in the fabrication of a-Si thin
film solar cells.
The laser scribing speed is important in solar cell fabrication. The relationship
between laser pulse overlap, scribing speed, diameter of the single pulse ablation
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and repetition rate of laser source is shown in Equation 6.1,
Op = 1− Vs
Dabl ×R, (6.1)
in which Op is the overlap ratio between subsequent pulses, Vs is the laser scribing
speed, Dabl is the diameter of laser ablation and R is the repetition rate. The
corresponding laser scribing speed for the optimum condition demonstrated in
Chapter 5 is approximately 120 µm/s. In industry, the nanosecond laser scribing
speed is 5 m/s to 15 m/s which could finalise the laser scribing process on the
solar cell panel in a short time. Compared to the nanosecond laser scribing speed,
the femtosecond laser speed is obviously slow. To increase the femtosecond laser
scribing speed, so that it can be applied in industrial production, is another focus
of future research.
6.2.2 Four-level binary hologram based on a-Si
The four-level hologram based on a-Si is not achieved with direct femtosecond laser
writing. Because the multi-level hologram has more advantages on the information
display, it is attractive to explore the realisation of the four-level holographic based
on a-Si. In the direct laser recording process on a-Si layers the local crystallisation
appears[51, 137]. With the experimental result depicted in Figure 6.1 the a-Si film
absorption spectra, with and without exposure by laser radiation, demonstrates
that with exposure by laser radiation, the absorption spectra are changing.
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Figure 6.1: The absorption spectra of a-Si film with (red curve) and without (blue
curve) exposure by laser radiation (λ=532 nm)[137].
This illustrates the changing refractive index for the recording medium exists after
interaction with laser radiation. This provides another path to change not only the
depth of a-Si layer but also the refractive index of a-Si for holographic applications.
Refractive index change occurs, as local crystallisation appears under interaction
of a-Si film by a focused laser beam.
By studying the relationship between depth change and refractive index change in
a multiple-level hologram, a-Si thin film could be promising for use as a material
in holographic technology.
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Appendix
In the appendix the Matlab coding to generate hologram pattern is presented.
%Calculation of the intensity distribution using Debye theory.
sys = initialpra;
%Calculation of each field component
Fi = ones(sys.re);
Exxy = vecfieldx(sys,Fi);
Eyxy = vecfieldy(sys,Fi);
Ezxy = vecfieldz(sys,Fi);
%Calculation of intensity for each component
Ix = abs(Ex).2ˆ;
Iy = abs(Ey).2ˆ;
Iz = abs(Ez).2ˆ;
%Total intensity
I = Ix+Iy+Iz;
J = angle(Ex);
Imax=max(max(I));
figure(6)
imagesc(x./1e-6,y./1e-6,I./Imax);
colormap jet(256);
colorbar
axis equal;
axis tight;
xlabel(’X()’)
ylabel(’Y()’)
colorbar
caxis((0 1));
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figure(2)
imagesc(x./1e-6,y./1e-6,Ix./Imax);
colormap jet(256);
colorbar
axis equal;
axis tight;
caxis((0 1));
xlabel(’X()’)
ylabel(’Y()’)v figure(3)
imagesc(x./1e-6,y./1e-6,Iy./Imax);
colormap jet(256);
colorbar
axis equal;
axis tight;
caxis((0 1));
xlabel(’X()’)
ylabel(’Y()’)
figure(4)
imagesc(x./1e-6,y./1e-6,Iz./Imax);
colormap jet(256);
colorbar
axis equal;
axis tight;
caxis((0 1));
xlabel(’X()’)
ylabel(’Y()’)
%Define an output image.
function im = imdemo(sys)
sys = initialpra;
M = sys.re;
fname=’tianma.bmp’;
im1=imread(fname);
im1=double(im1(:,:,1)+im1(:,:,2)+im1(:,:,3));
%im1 = double(im1);
im1=imresize(im1,(M,M));
im1=im1./max(max(im1));
%%im1 = 1-im1;
R = M;
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N1 = M./5; %%number of spots in a row
M1 = M./5; Oy = R/2; %%original position
Ox = R/2; D1 = ceil(R./N1); %distance between each spot
D2 = ceil(R./M1); %oﬀsetim=im(spot info);
im2 = zeros(R);
for m=1:N1
for n=1:M1
y1=ceil(Oy+(m-(N1-1)/2-1).*D2);
x1=ceil(Ox-(n-(M1-1)/2-1).*D1);
im2(y1,x1)=1;
end
end
imfinal=im1.*im2;
m,n=find(imfinal¿0);
im=imfinal;
end
%gratings calculation
function G = Grating(sys)
M = sys.re; %set resolution of the phase;
Mo = sys.Mo;
F = sys.F;
n1 = sys.n1;
oﬀsety =-1000e-6;
oﬀsetx =-1000e-6;
wl = sys.wl; %wavelength in free space
NA = sys.NA; %Numerical aperture of the objective
%Objective focal length (F=tube Length, M=magnification)
f=F./Mo;
%Objective back aperture (radius)
R=f.*NA;
dR = 2.*R./M;
%Array in X dimension - covers radius, +1 to allow for value along z
m=linspace(-M/2,M/2,M);
%Array in Y dimension - covers radius, +1 to allow for value along z
n=linspace(-M/2,M/2,M);
%Convert to 2D mesh
(m,n) = meshgrid(m,n); %Establishing each coordinates for each points.
%Using Grating function
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G = 1./(wl.*f).*(dR.*m.*oﬀsetx + dR.*n.*oﬀsety); %using the grating function:
1/(lamda*z)*(xdisplacementinfocal*xinholo+ydisplacementinfocal*yinholo).
G = mod(G,1); %Since phase is a periodic function, it normally needs mod by
2*pi.
end
%Calculation with Debye method
function Fi=Debyemethod(sys);
sys = initialpra;
uniformity=0;
im = imdemo(sys);
Fi = rand(sys.re);
x=1;
im2=1-im;
w1=im(im¿0);
w1=ones(length(w1),1);
e1=1;
l = 0;
while uniformity¡=0.75;
(Ex x y) = holoimage(sys,Fi);%Foward FT of the hologram
B1=abs(Ex).2ˆ;
Cmax=max(max(B1));
B1=B1./Cmax;
J=angle(Ex);
K1=B1(im¿0);
P=im(im¿0);
I1=K1.2ˆ;
I=P.2ˆ;
Er=sqrt(abs(I1-I));
e2=mean(Er);
x=abs((e2-e1)/e2);
im3=im2+sqrt(B1);
im4=im;
K2=im3(im¿0);
Imax=max(K2);
Imin=min(K2);
uniformity = 1-(Imax-Imin)./(Imax+Imin)
Vmean=mean(mean(K2));
if uniformity ¿= 0.75;
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Fi2 = Fi;
end
(m n)=find(im¿0);
for l=1:length(w1);
w2(l)=w1(l).*mean(abs(K2))./abs(K2(l));
im4(m(l),n(l))=w2(l).*im(m(l),n(l));
end
Imax = max(max(im4));
im4 = im4./Imax;
H = im4.*exp(1i.*J);
(Fi x y) = inversetrans(sys,H);
e1=e2;
w1=w2;
end
Fi=Fi2+0.5;
end
%Output image solution.
function (E x y) = holoimage(sys,Fi);%fourier transform with padding of a phase
M = sys.re;
r = sys.r;
dr = 2*r./M;
nr = sys.nr;
n1 = sys.n1;
z = sys.z;
Mo = sys.Mo;
F = sys.F;
oﬀsety = int32(sys.oﬀy./dr);
oﬀsetx = int32(sys.oﬀx./dr);
N=(M-1)/2;
wl = sys.wl;
NA = sys.NA;
g=(1/2).*((wl.*N)./(r.*2.*NA)-1);
g = abs(g);
P = int32(g.*M); %padding factor
E=Efield(sys,Fi);
%Propagation (wave) constant free space
k = (2.*pi)./wl;
%Propagation (wave) constant in immersion medium
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kt = k.*sys.n1;
%Numeric propagation constant
dK = (k.*NA)./(N);
%Objective focal length (F=tube Length, M=magnification)
f=F./Mo;
%Objective back aperture (radius)
R=f.*NA;
%Calculate Numerical Parameters
%Array in X dimension - covers radius, +1 to allow for value along z
m=linspace(-M/2,M/2,M);
%Array in Y dimension - covers radius, +1 to allow for value along z
n=linspace(-M/2,M/2,M);
%Convert to 2D mesh
(m n) = meshgrid(m,n);
%Calculate the convergence angle Theta
%Angle of convergance (theta)
th = asin((dK./kt).*sqrt(m.2ˆ + n.2ˆ)); thh=th;
%Remove parts outside numerical aperture
th(thh¿asin(NA./n1))=0;
%Define phi Azimuthal angle (0-2Pi)
phi = atan2 (n,m);
phi(phi¡0) = phi(phi¡0)+2.*pi;
kz = sqrt(kt.2ˆ-(m.2ˆ+n.2ˆ).*dK.2ˆ);
E = E.*sqrt(cos(th)); %this sentance denotes the calculation is based on scalar
diﬀraction theory- 2D-FT method
E (real (thh)¿asin (NA./n1))=0;
%Set all Not A Number values to 1
where=isnan (E);
E (where)=1;
%One dimesional Fourier Transform
for jj=1:nr
%Transform Section Length
MM=(M./nr);
%Start and end positions for this section
MStart = (jj-1).*MM + 1;
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MEnd = jj*MM;
%Grab and pad the field section we want
EHold=cat(1,zeros(P,MM), E(:,(MStart:1:MEnd)), zeros(P,MM));
%Fourier transform it
EHold=ﬀtshift(ﬀt(ﬀtshift(EHold,1),(),1),1);
%Cut oﬀ the padding
Cstarty = int32(g.*M+1)+oﬀsety;%Define the start and end point of the padding;
Cendy = int32((1+g).*M)+oﬀsety;
EHold=EHold(Cstarty:1:Cendy,:);
%Add result to the total field
E(:,(MStart:1:MEnd))=EHold;
end
%Second dimesional Fourier Transform
for jj=1:nr
MM=(M./nr);
MStart = (jj-1).*MM + 1;
MEnd = jj*MM;
EHold=cat(2,zeros(MM,P),E((MStart:1:MEnd),:), zeros(MM,P));
EHold=ﬀtshift(ﬀt(ﬀtshift(EHold,2),(),2),2);
Cstartx = int32(g.*M+1)+oﬀsetx;%Define the start and end point of the padding;
Cendx = int32((1+g).*M)+oﬀsetx;
EHold=EHold(:,Cstartx:1:Cendx);
E((MStart:1:MEnd),:)=EHold;
end
clear EHold;
%Caliberate Field Dimensions
%Ratio of padded tp unpadded
MoN = 1./(2.*g+1);
%Array in X dimension - covers radius, +1 to allow for value along z
mm=linspace(-M/2+double(oﬀsetx),M/2+double(oﬀsetx),M);
%Array in Y dimension - covers radius, +1 to allow for value along z
nn=linspace(-M/2+double(oﬀsety),M/2+double(oﬀsety),M);
%Convert to x and y
x = mm.*MoN.*(wl./(2.*NA));
y = nn.*MoN.*(wl./(2.*NA));
(xx,yy) = meshgrid(x,y);
%Scaling of E field
E=((1000*i.*R.2ˆ)./(wl.*f.*M.2ˆ)).*E;
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